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Abst ra ct
sin~lI l a ri li('S ill lllf' now Iicl.l. Okufo aml Ehlll'SII1")1'r ( 1!17Ii)1II11 1 Mulinar i
and Kirwan (1975) <11'\'('101',..1iI n 'p;n'Ssioll h .,.,hllitjll,' lh;,l has 1""'H1ll" ;1l' I,Ul'
pointe d out thut t his rl'p;rl'1'1'iu ll l l'l'll11 i' llIl' ili flludallU'lIl,ull,\' il1iUll" II1i1 I.,· I" ,
ca us,' it a1'Sll11WS 11panldip;m wit h l ilt' Howl'l'u l,r,· Iixrd to t in' n· l1l.rui ,1"r l ilt ,
drifter cluster. Kir\\'l111 d IIf., (1!Ii'\S) fo r l1llllat l',1 a ""l l1li. ... lu lhi s ,[i],' lI1lll a
hy inver ting non-linea r l'UlllliOiIS u hl ll.int'd I.)' () klll ,,, (1!1711)(ur IIU,l iu li IIt'a r :1
TIll' DKr an- horizontal ,Iiwrg" llc,', v" rlicity, sln'l,' hill~ ;III'! sll,'.. rill.&!; tld ..r ·
maticu rete. \ \' 1' soh..' tllf' non-linear '''Ill atiu ns " f l\ irwlll1 ,i "I. , (1!J»l) I"
oht aiu DK P and th ., l)(lI!lit ioll ami n 'lorily u f .. limY fi.,I,1 si llj!,lIlitril)' rn"l1
a !ling l" drifh ' r t raj<'C~tory, This sulllli ulI (llI'lIn ofurlh ",111,..1 ti ll' 0 1\ s.. ln
l ion) is 1l1' llh<"llIl\l ieally lIIun, t 't J1lri "" li mn lhal prt''' ·lIlt ..l in Kirw illi d «L,
(198l:l) aud eor reets pn-vlously Illu[d" d lSI al/!;l'lm lit: "rl'UTS ill lIw 1J1l 1, l i .~ lw, 1
li temturc. [t h as Lll.'<m I;llcrl'1'sfully I.l·1'!.".1 1Ising ar tilil'i;,tly ,!!;f 'II,·ra!.",1 da l,iI,
T hcllw l lux lis flll lllul1ll' lI!.a lly lilll ill·,lol ul, lullw Tl" jlliT. ,rlll·u1.l lml. Il K I' :, .'"
ti 1I11~ iuvariaut. [L " Isu hus t ill' IIndl'Sirahle rl ~aiure tl la !. ii n-qnin-s fou rt h
orrh-r Linn- ,]I' rivat ivl'S or d'lta. to. IIt'W Illt't hod , the li S method, t ha t lIllt'll
rq r;ft'l<siullwithout ,\rl ificia[[y .sdlin~ t ht' Ilcw re-ntre to ti lt' d us ter ruut roirl
ill 11l"1'.SI 'lItp,1. 11.hllll a lso 1wI'li 11 l1f rl'llll{ully il's il'rl lly applicanou to lll,t ifidally
t1rirt.I' r.s ill t he c:lu.sl.flr itft' ]wing movr-dhy t he sanu- u niqu e sing ulari ty in till'
I\p ply illl-lall th n ..~ Illl'thuds to t lm 'f' lll'ighhnll rillg drifter trac ks uu-asurcd
on Suhh- Islll11< 1 Hank elearlyindicated the limitations of all i hrpt' metho ds.
'1'11(' ft'gn'ssioll krhni(1'1I' of Okubo and Ebbesmc yer (1!176), till' 0 8 metho d,
' ra ilf,tl' 1ll'l'1l1ts(' i lH' now centre- WiLS not at the-clust er centroid pos iti on , T he
0[": 11Id,lltltl givl 's ambiglllJlls ",'silit s ill t hat it can no t rlistinguish bctwe...-n
so lid hudy rutatiun about ,Ipoint ali t! i t aluh l hat oscilla tes. The lack or a
sin/1,lt, w\'11 ddilwcl How('l'u t n- for el l t hree drifter trajectories was sufficient
tu t-usnrt- t.lIl' liS method gave mcaninglcs» DI(P lhai bedlerg« iutcnnit tcnt
IInd, lla lio ns, Never-theless, given lra.jt'('.l oril'5 nea r 11 wcll-dcflued flow field
singnl'lrily. II't ' "fill b l' assured thai both the liS and0 1< method can be !lSi',]
10 ohtnin t Ill' Pt>,~ it i O Il , velocity and D I\ P firllll' singularit y. ])cpcnding upo n
t ill' Sl']lflrilt ioll S!'all's of t Ill' drifters, t he liS met hod ceu be much less or 1J1on~
scnsilin·t.o nojst'th'lll t11l'OK Ilwt.h"d .
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Chapter 1
Iutr od uction
T Ilt""I ,jl 'l·t i\'1· uf t his t hl>sis is to <lIIillysc lIow Iil.'ld ll I,y ~ l 1J clyiur; tlriflt'T tr a -
j ...·l.uric'S. Al rllj , 'C,lor y ill Il IMll1 u f 11CIITrt>n Lfuilowf' T, all objl"Cl tha t roilowli
t il<'lVal l'T llMW" Ill C'l1lll. \Vr Irt' es p ecially iULl'fl'Sw<1 in de l.ermini ng DiITl'tI' Il-
t ial l\ illt'm"t.ir P ropertie s (DKP) of the fluid now in the vicinity of vdocity
:>in,;ula r ili •.,;, the- IILal.;oll ary puin!.:- ( relat iv e to !10m e- spllli a lly uniform tran s-
1;l l ~ lIl ) ill l lK' now Iii'll!. III two-di meuslonalllcw , t !lNl.' pro per ties ca ll cause
IIUII,.. 1I11 ;.l slIrf;u'c' ttl I){' ill rn ·" S(· ,J /dl~rf'a S{'l.I in a rea , rot a ted, at rc t.chcd o r
shean ..1 (S,IIIt';I'r , [!J!'i:lj i\luli nari and Kirw an , ]975 ; Sande rs on, I!JS4) .
'l'lu-re nre 1I('\ 'c'Tal rt'HIIUIlS why we analyse tlr ifl t'T lrajt-dor;es. T he dis-
t rihntiu ll " I 1ll00tt-ri al, I'g , biola, can lK' rn ore di r~(' l ly rela t ed to La g rangian
moasun-mcnts uf velocity than '~ Il I( ' r i a ll lll l'nSllr,'I1Il'll ls . Ihi n l' l" Iraj"rt "ri" s
rnn cover ur01HI rnll~1' of smh-s Indlllli ll!!:100r!!:l',s\ ',dl'I1,,\\'s ;lIl1ll1lt'Susrnh' .. ,I·
,Ii,'s ( Pouiainund Nlilcr, [!}(om ) with hiKl1SI,;,tiOl I t'I'slllllli'll l, Spal iOlI r<,s"I' ll 1'"1
of Lagrangian terhuiqucs is bct.tr-r than lIlus l Ellll'r iilll 1,'r!LIJiqll"s wit h till'
posSlhl,' exr-r-pfiou of sald lll,' nhSt'f\'i\ti'JIIs. Spilt.i,d Tl'SOllllj,," of L ,.c,ran.<:,iilll
observations is il,I"([llah' fur n,mpOlrisl1l1 wit h ("I,J.y-n'suh ·illll; 1l1l1lwriral llwd ·
els f Kirwau et ol., 19!1O).
T Ilt' DI,(' llrt'ofilll"l't 'sL for n I'llrl"ly o[WilSOUs, Flol\" lil,ld ['r" IlI'rlil's " f
drifll'r rlutn, sm-h li S DI\I ', , ' 111l I H' assl l1l l l a ll ~ 1 inlo",ldy-n '1'lIh-IIIll.III,,,lloJ..,, fur
!JlIl' l'0St 'S of dil ta illt." l"I ,"lat.innj ,'xLrap"l al itlll I1l1d 11"1\' !i"I<I I'l'l'di l"l lou. 1)1\ I'
of tlu- 11m" fid e!provide a ,fired link III dyuumienl fun"'s. 1,',,1' r-x.nupk-, b,\'
using il group of drift.,'rs, I{' 'i'tl ( Illi l ) "1I11"1I[;ll<" j " 1\', 'rl; " I1I"<' frolll I"!HIIIW'S III
pro\'idt'd a link It l ,lyllllllli"ill 1ll''',",',''S''S III tln- /\ [;,skOl li r-nr-n-nt, S,mt!,'r"tl il
( 1!J8i ) in("1"I"I'(1dyunmies via il vortirity "quOI t ioll undlIlIill.l'."b of In ,ln'rJ!.t r;,
[cctorics. Bower (l fll':l H)"l(lLll lillt'e!t ill' , IY l lillllit"~ " f !;\rl!." ·illilplil 'Hli ' 1IIl ''1lli l ' ' I~
by t'st ililating po tenrinl vurfir.ity From t Ill' lraj'·''1.uri,'s "f 111\ FOS lluMs ill
LIlt'Gulf Strorun. 'Phi'''' f1uals follow au i"' I'yl' II01 I surfa,"" til" Ilrli,I, I'a<lla ll
am i Niilcr ( l ImO) ct"plu)'t·d Ali ens drlf'u-rs, sitl.cdlill,·lrac·k",1d rift. illl!. l >lif'y s,
Okul", ( UI7:'';j h..s S]lUWlI l,hil l HI';I' ran pl uyan impurtau t roll' in deter-
lIlillill,l';1.Iw .listri lou1.il/ll Ofl11 il1l'I' i.d ill t IW OCl " III Sll C!t i IS i ll l i ltT ll lll ll li ltiollllf
?''' ' ' l' l iUlk tUIi illl 'ilfidldnHvs at tlw ol'('1Hlsllrfacl'( OIl'I'II, I!/IW).
O kll " '1 (1 !/7U) illv(~li~al('d Lhl' triljl'rlOrips (,rpMLirh'.~ tl1II' to .~ itJgll]ilr jl.r
sl.rtlc l llrPsill l./ll' lluw HI-f.] with various llKP, ll r- pa rticularly looked ill ho w
Ilmv li.. lll SillAlllilrili r-s ;tlrl','kd tliSlll'rs ioll of Iioatahh- Ilar t ir l ,' s due 1,0 1111'hu -
1"111"1'. T hb wor k ill1.l'rprd l'd observations of n~\·.'rs al andsllppn'ssioll llf LIlt'
,,1,sl' r\'a1.iul!s of ,lrift, 'r dus te-rs. Tile bas k un-t.lunl was dr-wllll' ,·(1 hy Mo linar i
all. 1 Kirwan (1!lirl) iU1I1Okub« and Ehh t'snwy('r (l976 }, Okubo cd fll" (1!J7{i)
" XI,(' lll lt'dUll' 1.1 'f'lIl1i111l('to culcnlatc Lngrsuginu deformations and eddy diffu-
si" il it·s , kitu-tuutic \·arinhlt,.s t lwt l'lI11Sr- a horizontal sJlwad ing of the dl1 sto~n; .
"f ti ll ' rl'si,lnlll motion. Kirwan alit! Chaug (1979) considered the dr~L o f
l, iil sill ,l'; filiI' t o sillllp lillp; Irequcncy. SiIlull'I'SUli d . ul. (1988) showed how
pn-vluns im 'l's t.ignLlIfs had calculated the 1I111nlwr uf degrees orfreedom ill-
l'llnl,.. ll~' wln-u lll l·.\' l'a lt-nl;\ll'd 1'1I tly-di lrllsivitit·s from residualmotion caused
Kil"\\,.111( 1!ISS) pointed out J,iil~ pr<>I. I"I1l~ wit h 1.hl'n'j.\r,.~~iull 1111,,1. '11';11'<1-
d i~lIl ill UIC' OE n1<'1.I",,1of Okuln••1IId E]'I >1':<1II" ,\'I'I"(1!17li), L,'lll ~ nl ll:;id" 1
11 r1l1slpr of drirlf'l"s pml",dd,'d ill il :;I.ali o llary Ill1l.kyd uni<'l"ld y i1 ~ :<111 '11'11 ill
Ii ~ llrt' 1.1. IIpfl', Lltt' initial and luter position s of tln- llriflw s an' d" lIuil'd
by the lhlSlwd <IIlI sulid d rl'll's, fl '~Il('d in ·ly, II Hlld 11 an' 1.1", l',,~il j ll ll s uf
l ilt' 11011' routn- and il llrifL,'r wi lh n 'Slw d LutI ll' d ust"r's l'I'IIII·oid. 'I'll" hia"
prohh-m ill l , h i ~ Ililrtklllal' "a:<p is dll" 1.0 ti ll' f,wl. Ihil1.1.l u' dll~I,l'r 's n'lIl.r"jd
docs nut fuilll"idl' with til!' [low C·I'lI l.rE' o f thc' pcHy. Fill"i, smidl ·arc'il dll ~tP I
(I~ «.: lil , the OE model 1I'Illl111 shew I,hil l tlu- eddy III0I',.s wil. li ''('f t.i1i ll
veloc-ity tha t equals III Lht~ value of 111<' DI':I' 11I11Itil'li,',1 hy II' 'I' h i ~ is Ilu l
t rm- sill('" we art' t[,'aliIlK wlth a uon-moviug ,',hly, ]lllrl.l lt'I", l lll' , '~ l.i lu;d ,' . 1
Dh':P lI:;inj.\ thi s model would abu !Jt"'UIlWIoi"s..d. ElIlM.I!.ill.l!. 1.I11' t'111 :<1.< '1'
Iln'a lIy itHTI' llsil1g Il will 1I0t :;"IVl' Hit' prohh-m J,l~ 'lIIl", ' IIIl' rlllsL"I' IlIH.\'
«ncounn-r anutln-r hins f.wLol" pwdul't,c1 by yd 11Irj.\t'I'.:;n,l,' slwar "nuss tl ll'
lluw. Kirwan (HISS) dcmuns tr uu-d 1 ,;11, tlll'id ltlVt' l"I'~rl,:;:;j"lIl1'dllli' IIU'S.l!.;I V l'
flllltlal1wtll,ully unrclinhh- .-:;l i I IHl l t':< of tilt' 1l1':1' of [low li.,I,1:;illWililfili,'s,
Figure 1.1: The displacement of a cluster of J·drifters in a stationary anti-
cycloniceddy.
Kirwa n d al. , (1984, 1988, 1990) found an alternative method for calcu-
tating DKP from drifter trajec tories. They assumed that drifters were near a
flowfield singularity and then inverted the solutions of Okubo (1970) to cb-
tain DKP fromt he drifter trajectory. This method (subsequently called the
OK method) is an elegant way of obtaining flowfield singularity properties
fromone drifter tr a jectory. However, previous tests , made by Sanderson and
Goulding (person al communication) on simulated data, indicated that the
solutions re ported by Kirwan et ai., (1988) bad errors. This is not surprising
in view of the algebraic complexity of the inversion of the very non-linear
oquatious "f O kllh" ( Will),
Kirwan d uf. , ( I!lSS) HI1I1 p'i,',~ uum- "onr lsl' " :XIU','Ssi 'l IIS fi ll ' 1111 ' s" I'll i " tls.
Havill,!!; I1HlIl t' tl ll'SI' ('IJrrI'I' t i " lls , tlu- 0 1, llH'tllo< l i s In;ll' d 1,.1" (1l1i11,ni n.!!;~" 11
orated datu. By .ulll in ,!!; raudum motion s WI' \,\"<,111.,1" how 0 1\ ,'slilll a t"s IJf
d ilrl'l"I'l1 t ial ki ll "l11i1 li(~ jJnlllI'rt il's uf til" 1I001' li"l d lII i,l\11 1. I", ,,If,',,1<',[ I,," IIII'll
sur onu-nt ('ITOI'. 'I'll" 0 1\ 111O'1h"d n-quin-s,[""'l"I lliWlli"lI " f hi~11 "nJ, , ~ I,ill !"
'!<'ri\ 'ill i\'l's " f tlu- eh-Hu-r tn lj"d ,lJr,'" l>irr','n' lll illtiull of l'xl" 'rilllt'nl" Il,\' " I.
tninrd tlrirt , ,!" l ri1j " ,·t" ri,,~ is <Ill inl ll' l"I'l1l.l)' llllis," prun 'ss. Tlo lI .~ ' ·(llIsid", ',,1.I,'
s moulh ing is requln-d.
t\ tu'w l'(',!!;n'S~ io" ' lH'tl.od is ,["1',,1"1)(,,1 fut' ('all'lllal.in.l\111\ 1' Fnnn,1,'ift"1
rllls ll' rs, TI Ji..; lH'W l"l'p;n'sioll 1.I'1'lI l1il lll" <l1)!'S 'l o t sulfl' r r"l1IlI tl l" aSSll1l1l' l i"lI
lIwL till' o-utn- of tl ,,' flow la-hl sillAlllarilJ is "uiud <!,'ut wlur 1,1n- d lls 1I'I
rvntrcid. lus l ",,,l i lIlSI~Ul11' tJ rl I1l'Il,sSll 1l11,lio ll s " f Ull' ()I \ 11 \1'111", 1, via. 11,;11
l lll' velocity of t,lll~ Howceutn- is :;1";lIly, to rlos,' tln-sl al.isl irill ll un ly sis. WI'
:;I1IJSI't[111'lItly !'l,rl'r this IIl'W 1"l'~rI'ssi"n 1.t·,.hllilPW ax ti ll' l iS IIwl,h"d, 'lln:u, wr-
rompero tIl<' 01\ , l iS 1I11d OE IlIdlullls ill uu uualysis u]" "UlII111Il, 'r ~" I Il ' I' ; I I ,~1
and n-uluceuniedata.
\\·i1111. II. nmsil lt' f llll' [tIlltlwing '1Ill·s titHI. Sill l'I 'l1l1 11n'~11I muy consis t o f rdtlil's
ill. ;,11 s , ·~, lt·s , d o lw" r1rirl.l·rs lhiLl 11I1' lwarh}' me-asure Lhc sallW f10lV field
sillg ll iitrit {! D il l' illlalys is will pro.,.idt) a ll iUk rrs tillg anSWI'T ill t h!' r as t' o f
l.hWl' drifu-r I.ra jl'rllJ rips Oil Sall]t, Island Hank, Scol ilU\ SIlt']r.
Chapter 2
Calculating the Properties of
Flow Field Singularities from
the Trajectory of a Single
Particle: The OK Method
GClIl1m lly ;~ purt.ic lu's velo city will Ill' nlllstilully dlil ll ~i tl p; , ' N il Il I<oVC,.; 1111 '1,·1'
t he influence of a Ilcw liehl. llcwev or, Wl ~ I ' X J)l~ t t h at lht'n ' rnil!,liI. Iw pui ll t s
ln tho now fieldwhe n" rolutlve to someuuifurmt runslarlon, t ilt' \'urll l wlll'lI ls
"r pilltid,' 's y"J(),:ity wncd d vanish s iul1lllmWolls ly (r..'li nors ky , ]!Jfi2; O ku bo ,
1!171J). Slid, I", illt.s will 1,1' ,""llt·,1st ntionury or slugulur points in 1111~ follo wing
work. W,' will Cllllsid"r L1l ilt l l lC's,~ stationary poin ts d"rilw Llu- poslt lon of h.
11,,11' '"'·lIlf(· (tlmt Illily I)l' trau .•lilti ng ). Ncnr t l H ~ How centre we 'ISS'III1('tlwl
til(' ve-l"dty " 0111 h,' I'xpalll ll'll as a T ayl or series in t ilt' dis\.all((~ from the Ilow
...·lIlr.·. 'I'hus, slrflifi l·lIl.ly d OSI' to Ow lIow cen t re the first. o rder terms ill the
'I'il,vlur e Xl'm lsi,," donunntr- a nd tlu- flow field s kinematic parameters can be
d ,'snil lt'd mi ng lirwar vr-locif.y g rlu!i,'nl s. F low near siug ulnritics ra il have a
vnrh-ty or ki lwllwtir prupNtil'S SIIthal particle trajectories may be st a b le 01'
' llIsla!>I., I.u smull lll'rh lrllilJio lls about l1w sing l1lal"ilY posit ion, Wt" will he
n'lI n 'n ]('d wit h two-dhm-nsional velority flelda, wh ich is ronslstent with lIw
'"lllls1.ra inls 0 11 ti ll' l1\uti tlll ormost ronunouly IIs(',1 tY)ll'S of ucuanlc d rifting
Fi,l!; Ill"l' :,U shows Lilt' ronuuou ty pes of siugulurity (Ok u bo, 11l70) : ( I)
p"illts orllh" 'I'p;t'nfl ' (eollv l'rg l'tll"l') where 1\11infinite number of strea m lines
lIwd; (~) line-s of ,liw rgl' llrl ' (nJl1 Wl'geIH~l") from which a ll in finite number o f
s lrt'HIl11im·s divl' r~I ' ( 1"01l\'t'f,I!;l') asymptoti cally ; (3) neu t ral o r saddle points
when- a n lllpll' or Slrt'ilI111i1l 'S meet and t he ot hers conv e rge a nd di verge
aSYllIplulkall)'; (·1) vurl..l ·x I...inl ..1.,," 1 which '' In·..llllill.... f"rlll .·lIil""-s. s...tII,·
r-xnmplea of sing••lar itit'S ran IN'f"ul1.1 ill lIl" oo -au. I.im· ..[ 1',,"n'r~" IIl'" .'<111
Iw " hsr n .....l parallcl I.. 11 1'"'1<,>11 ns " n.,.1111uf a h"ri ;:ulIl,,1 nuw ItI\varol II...
l'O<ISllill1' (Bjrrkn l'l'l rI nl., 1!1I1; Nr lllllillU' il lld l'il·rslIlI. I!Hili), T I... voru-x
lH7l i Hid lilnls,," II (II., 1!17X).
a.~ a funct ion uf SPil('t· 11 1'11 muny tenus with hi~h urol"r Spill inl ,INi Vili\"'"
woukl bo rt"lluirt"ll. lu ti ll' \'irilli l}' uf till' siup;llhnil y. h,, \\" '\'t'r , t l... lI" w lid, 1
('au be approx lmated in u-rms uf line-ar \"I'I'N'il)' ~r;"li"lIb,
A sralill~ ilr.r;lI l11rllt 011 tb« Nil\'it'r Stukt'S ("lillilliulis l'o huws 111,.1tilt' ,Iirf,'r·
t'lI<'1' I>rtw('('u v,·IOt'il)' 1'111. poinl; au,1 a v,'hN'i1)' ill ;1 :«"l..,tlOll'"iul a ,Iislall'"
f away from i scales IJrupur liotlallu (I /'I (Srlll'rlJ(l'r illlOl l.uVl'juy, I!),'I!J). Thu-,
vt'IOf'iIYp;rculi"nts will !'of·.. II' it S r 11" , I\ ilwili ( llIST,) I,i'S nll llpil,..1"I~·rvali"n s
t ha1 an ' cousistont with "(' I,,.-ily p;ri\lli"nls st'il l j ll~ liS r-~/" fur it wi,I,· r;1I 1~1 '
of oceanic scales. A "uns,'l llll'un' of this s"alillp;is tll;ILilS r - . UtII!' v"ludly
gra dients tend lo lnli lli1y, Ult lmut cly mok-cul..r vis,'usi1.y ,ldirws iL SII1i1I11'sl
possible sealo (ov('r which vl'lol"ily 1"1\11 vary lSlI l'lS litlll ially, Sll .....lueity p;T,,,li ·
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"lI1.srill 1101.I",nmw luflnlu- in ti ll' oce-an. Ant veloci ty gradi"llts do hcconn-
Im'W'1" ns f Iw('ollll's s lIml!"I'. Fllrt lll'I'I110rt' , nn-asun-monts <In' seldom nble to
rt'Sl,lv,' llUII'<' 1,1 .111I a uarrcw llaJl,1of all Llu-possih l,' st-ah-s of occanir- motion,
T illIs a dri ft'~I' l mj ' 'i:tor y, for r-xamph-, is a smoothed vers ion of th e rea l now.
N, 'v('rUIl'I,'ss, vdndty grmli l'nts due to t ll1' smaller scale . 'dlli"s resolved will
bl' .l!; n ';,l,'r t han those duo to till' larger scaloeddios. We might expect, there-
furl', 1.0 lind IU" ali;wd I"l'giolls ill tll(' flow fi(']dthat have st rong gradien ts. For
lllos1.ly hi.~lurind w aso ns [Okubo, 1970) IVI' ra il theso point s now singu hu'itks
'1I1l1 "Xpt'c1. that it is SI'llsibl,' t o describe llll' Ilowfield uoar singulari tie s as
'luylur s,'ri,'s expausiun in 1.1'rmsof distance Irom the singularity.
A s,';,rrh for tIlt' frequency of occurrenc e ami properties of oo-anlc flow
li" ld sill,l!;lllariti,~ is therefore important for two reaso ns, First, now field
Sil1,l!;ll lal'il,i,'s an ' likely l.ol11'OIlr ch-arcst mathcmnti-al window into the highly
Illlll-lium l' tlymtmiril l processes lhllt oft en contro l fluid flow. Second, till!
llllrizlllltal distribution orpartir.lf'S or floatabt es can be greatly influenced by
llrul"'I"1.it'~ tlrany nearb y llow field singularit ies. Third, thc co nce p t of flow
lit·llI s jll~l1lal'i l,il's ran be' used to interpret now lldd pat tern resulting either
frum 11l1' solutions of Nitvic'r-Stok, 's 1:11,] ccutiuuity !''l UilliollS close to th e
sill,l!; lllaril.il·,~ or thtl.~l' ohl.ainl',1 (rum oxperiuu-uts . Classi ryillg singularities
lJ
based 011 ll1n,l solutions "f l ilt' NII\'il'r·Stukt'llll ll,1 nlll l,illllity e"flllHli" lIli 11<Is
n n t101ll·1>t:101l· (Osw;Iolibch , 1!I!iS; Hcu . I!l."" . 1!1!i!J; ill ,,1I" 'rr)' all,l Fairli,'.
m-ar lIo \\' lit·ld sin,r;1l1;1o rili t-s with kuowu HI' I'. W,- t lll'll full..w Kirwou ,I
fI/., (/!lSI'I) to soh'(· t llt' iuverso pru M"lIl , nann-ly t.. filltl l )!, \' "r .. llow li,·I,1
sillglllal'ily gi Vf>11 11pllI" lir lt, lrajl'e lol"Y ill Llu- vir illil.l'of till ' sill,ll; III;lril.y.
Following OkllllO (1!170) till' lilll'aT w ltll'it), l i,·ltI ll '· ltr II 11,,1\' li,·I,1 Si IlAU'
lari ty can 1>1.' t:"xprrssn l Il Si li g lItt:· Taylor :>I'rit'S l 'X, "IIIS iull l iS
~ =fl · .r +//!/
~ = t:·~ + (r !l
1:!. 11
I:!.:t)
jlt:"l!,It:'l1t or linw (Lr . •"Oustau ls), (t1l,1 r an.l y lin' I"NitiulIs rc·l" ti....·l" tl ...
singlllitr il)" pilili t . Noll' l!J,ll WI: arl ' l1SSllI ll i tlp; Ilh u ve: 11 1lLt 1111 ' sj n~Il I H rily , Iews
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where the OKP at e:
st, ·etching deforma tioll "ale
shearing deformat ion l'ate
vorticity
divergence
1I = ~ - ~
c = ~ - ~
(2.3)
(2.4)
Th ese OKP are often more readily related to our usual formulat ions of dy-
naruical precesses than the velocity gradients . The stret ching deforma tion
rate is a measure of change of shape by different rates of stretching along the
x and y directions without change of area or orienta tion, Posit ive a describes
a stretching in the x direct ion and shrinking in the y direction, The shearing
deformation rate can be related to the change of shape and/ or distort ion of
fluid elements as a result t he velocity varying in a.direc tion perpendicular to
the velocity. The vorticity implies t he rate of change ill orienta tion without
change in area or shape, so it represents the rotational nature of the singu-
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lnrlty. TIll' horizoutul . 1i\'.'r~t'I l<" · is 11 Ill,' :os n]"(' uf t Ill' fr.u-f.ionnl ral.' of :on-a
innt'iISI' (Sawi,'r, l!l."i ."i;Okubo, I!J7lJ; Molina r i and Kirwan, 1!l7r\; Kirwan,
1975), The a bo ve DI\I ' art' uot in d.~p,' n. I"1I1ll f I h.' t'",m lillill.. sysl," 1ll alil l ,I
principalroordineu- system C1Lll lu- III'lim,.1soth.u. l lll' s l ll' arl n~ .hof..rr1\'lli"n
\'llllisill's and ti lt' Ilow is t·ha l'llcl. 'r i7,l,d l,y II, ,·, .f ,mil til<' mi"1l1a ti,, " uf ti ll'
prin cipal mws (Batd wlor, Ill!i7: S,"lt' i"r, I!JFi:l) .
'I' ll.' I)], \, <11'\' relau-d to \'ilrio lls 1',\'Ifl'Sor s ill~ lIl arit.y str llrtllrt ';oS show n in
Iigu rc 2.1. T Ile' d illin ' or <lX,'S .'MI h,' l"t'lilktllo till' ,.]lill',,,'l(, l'lSli,' 1'.. ,,11' result
ing Ircm IlHllliplllllt ill/!; (2,1) and (:!.:!) as will lu- .l isl' llss"c! m-xt.. SI'I1<'lHal,l'
tra j ('rturi('s ncar the 11011" ("('nl l'\, ilfl' drawn uu t.lll' Fi,l';lI rt·, TIlt' 1'11111'" "r III<'
t rajecto ry Ill'p l'nd s upon the rt'h.tiv(' illl!'ort a l\l'" of sln't. ,'hill/!;-slll'ilr illl:, ,1<,.
formation aurl vorticity [plottedon tlll'lJl'llillilll') ,m,llllt' . liwr/!;(' II<'I· ( I,I" I,l,', 1







Figure 2.1: Classificat ion of singularities in the para mete r space for the linea r
velocity field. Adapte d from Okubo (1970).
Defining the differentia l operator D ( ) = 1;( ) we can rewrite (2.1)
and (2 .2) as
(D - aO)x - bOy = a (2.5)
(2.6)
Elimin ating x by multiplying (2.5) by c' and operat ing on (2.6) with (D - aO)
and adding the result ing equations gives
[D' - (00 +,") D+ a" , " - b"d" J y =O. (2.7)
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The characteristic equation of ( ~ . i )
has the following roots .
Th e roots have been expressed in terms of the DKP fl , b, C. rl hy using ( ~ . :I l .
Providing that the roots I'll rl are distinct , i.e. a 1 + Ii - c1 #- 0, till' P;l' IINlIl
solution for y is
(2.!1)
where (:' 1 and C2 are arbitrary consta nts. We will consider ti ll ! CIlS~ r r = I'~
later in this chapter. Substitnti ng the solution for y as given by ('l.!I) into
(2.6) we obtain the following solution for ;c.




Sdtill~ I = lJ IOld ~lll ,~til ll 1. i lll; (2.1l) nUll (2. 12) luto (2.10) lind (2.!J) n-aper-
t ·~ Xu - }ij (" 'l - fr )
"1-"2
Yo ("1- d~) - c~ Xo
SIlI,s t i L llt i ll ~ (2.1:1)and (:U ,I) inlo (2.9), we gel
(U l)
(2.1' 1)
{(f,Xo+ t:Xo - fl }~d '1 + YO }p'~11 + { - (IIXn+cXo - nYo)q+ }O} C '~ 1
2
~{(~ - (I )Yu +(/I+c)XO}C·,1+~{( ~ +n)Yo - (/1+ c)XO}c....1
(XI1 (1J+ c) +}IJ(I' _ IIHc 'l l ; ,! YO(JJ+ Il) - Xo{b+ c)}cT~r} (2.15)
ll ll f lli ll lrs1. itll lill~ (2.1:1) <Hili (2.14) into (2.10) gives
,r(I)
wlu-re
{XII+(IiXo +Wo - d-;')' /lcT,1+ {Xo - (IiXo+bYo - cYO)q ) CT21}
.,
~{( ~ +n)Xo+(Il- c)}'O}CT11+~ {(~ - 11)Xo - (/I _ c)YO}CT21
( XII(,)+ II) +Yo(1l- I~)}e' , l - {Xo(/! - ]1)+ Yo(b - ene',I} (2.16)
2/,
(2. 17)
Note lha t WI ' IrI1 V( ~ expressed (2.15), (2.16) and (2.17) in te rms of th e DK?
rathor-than velocity gradk-nts.
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The \'11 111(' O{1'2tOgl·t hl' I' wlth till' di\"' 1").!;I'U'·" ,/ \\·,'n ·l1s<,t1l.y ( )kll!'" (1!l7U)
to rl i~~siry t ilt' now nl,l,l ,~i llp;lIlilr il)" as: ilL\\'ar d /ulI l,\\';1I'l1 lm,la l. .~acltll.·. ill'
wlll'd /uutwani spir al, vortex aud Hm-s of f um·,'r,!.!.,' I...r-. Ok lllo.. (1~ Ij'U) ,·a ll...1
l' til l' lIillgula rily pilnmll' l,·...
Kirwan d ,d" ( I!lHH) illl"t'rl,'d till' al", \·,' solu tion in t,llI'ir i1111'1lI1" I ..
oht uin the klue matt c prOIW1"li.,,-; "f riu,l!;s from 1.rilj,·cl ori,·s "r d rift, 'l's in till'
Gul f or M,'x ir o, '1'111')" dil' ilh ',1 IllI' I'd odl.y li,'l,1 iutu h ilIlSI" li,," ill,,1 swirl
rompom-n ts. This kind of tn-atuu-nt run I" , rOllu,1 ill ;,ll11osl'll<'ri,' slll ,l i,'s,
Tay lor s-rics expansion IWilr t.Ill'liiuAllari ty poill l.. I I..n-, Kirwan ,1 '1/" ( I!1,'iK)





TIH ~ suh~,'ripts 'I' aml ,-; (11'liutl' ' t l"<l lls l" l,io ll' and 'sw irl ' , n 's]wr!.iv,'l y. TIll'
t l'illlsia l iol\ component is t Ill' t renslatioual vl'llll·i1.y of till' si ll~lI lilri Ly p" sll,ioll
ill tlu- vdo!'ity f r-ld. The swi rl velocity of a )I"r ti,-ll' lWill' till' llow '·\'Il1.rt'
describes rota tion and other mu1.iu n rel " Liv\' to the trHtlsla1.ilil!;n-ntn- ,,r IIll'
flow singu la rity, The (l i lrl~r{"lti ;\1 kilWllla tie pur tum-ter s ruu, l1wrdun' , Ill'
I,
{d +a)J'/ '2+ (b - c),II/'1.
v. = (b+4r/2+(rl - rt)U/'1..





Un + (Ih +Ild:r.k/'2 +(bk - cdYk/ 'J.
lin + (h +ck):rk!'l. + (Ilk - flk)Yk/2
(2.22)
(2.2:1)
Wllt'l'l' tilt' slll .sni pt k illllic1l. lt's va lues calculated ill rho ti me interva l Ik ::;;
1 ~ 'H l. '1'111' t'Xllt('ssiu lIs for ,r k and Ilk ohta illt>ll from (2.15) lLUd (2. I(j) have
t fn-Ionn:
.rd' ) {[X'd Ill' +lid + )'d bk - Ck)jCh l;(l-fl;l1
-[.\'k(l/k - 11d +Yk(bk - ck)le{r,. (I-tl;l)}/ 'J.11k (2.24)
,lfk(I) {[Xdh +cd +Yd l1k -lId Je(r,I;(t- ll;})
+ [-Xk(flk+Ck)+Yk(Pk+ ak)]ehlfl- t.)]}/'J. Pk. (2.25)
.'\." anti \ 'k nrr- t lw rocrdiuatcs of the fluidpar cel re la t ive to t he singular ity
point at. I = 'k. TIlt' positiun of the part icle relat ive to the singulari ty for
an- ti l" tctn l \',·Im'i ti l 's ;11. li ll il's Ik :5 1 :5 ' HI' T In- \'nrinl,[, 's li d /) . I'dl ).
'''k(I) , lIdl) all vary wit h 1 uvr-r tilt' illl l' n ';I! h :::: I :5 1.'+1- 'l'his \'"r i,,(j " l1
rh urc a ll t a kr-n t tl Ill' cons tant over ti ll' int er val /~ :5 I ::: 1"+1, 1 1 1 1 1 u ll l ~h
they 11111)' cll'lUgl', IJr l'm lfSI', Frum illl,I'n'a llo inter val. III ;1I111l h,'I' w" rds, lhis
assumption rI'lluin 's t ltal f'.,..1"1', II, b, I', .f arl ' shjwly d lilllp,ill).{ o,," r IIn- l illl. ·
iuter vnl lu-twccufi xes.
Su bst it uti ng (2,:H) all ,l (2.2.'i) iutu C!.22) !IlIII (2.2:1) lonrl "\'a lll" l illp, llwl1l
at / = Il" wit h tl u~ subs cript k SUPPrl'sM,d, v,iw s :
U1'+ {(d +ri)[X'1+X" - Xu + .\' /1+ nIJ - .'1- I' U, - 1')1+
(IJ- c)[X(b+ d - X(I, +r) + 1' 1' - \ ' ,/ + "'1+ l' /I)}n"
\hr + {(b+ c)[X/1 +X /I - X rl +X/I + n it - I') - l"{ " - ")1+
((I - (l)[X (b+ I:) - X(lJ+ r) + Y,, ·- l'n +1"(, + )'"111-1,,,
A ft( 'I' r ,lIll'dl illg lind n'llr r;lIlgi lig tenus, ti lt' a !fm'l' ( " l ll nl ill ll ,~ n-durr- to
:l lh ' + (11 + rl) X + (b- r,) I '




X, V, It , b, r" rl all, l <lilly two ('(llJiLliolls (2 .26) and (2.2 7) presently aVilillloll'
t il sulw for tln-ru, WI' 1I 1~'11 1\lIut ]wr six equutious. T hese add ilioflillequations
",Ul Ill' ulllailll'(11Iy dilft'f( ~lItill tin,l{ (2.22) and (2.2:)) with respect Lo thue.
Tilkiu){t lw iiI's!,deriVit!.iVl ~ with nspcci to tillle of (:.1..22) nud (2.2:1) and
'ISSlJlHin.e; i l .~ r,l'fOfl ' t hat fl , b, c, tl, llr, liT 1Ln~ constant gives:
(d +fl)X' + (b - el y'
2
(b +(')x' +ttl- Il)Y'
2 .
Null', in ~(' lIl'fal wu run not l'x pcd fl, b, c, d, UT, liT to he independen t of
tiuu-. Hul WI'i ' SS l lll W that lIw um« sta le for t hem to thilngl~ is long com parl,(1
I." 1.1 11~ t ill' Hull' s,'a]e for ;1:, y to chnnge. T his conditio n must be silt islie<:1for
,r, IIslIlli"il'lllly small providing <I, b, r., d nre 1I0 t all identically aero. Whether
"I' n"I, .I', II un- s llflir il' lIt1y small for ,Lgive n data is something tha t must he
dwc'k,,,1 fur liS I''' r l of 1Il<' data analy sis. HC' rl1lind subsequently , t he prime
dC'l1 uks dilfl'l"l'ul ialiull with n~p('d 10 tlme. Substituting (2.24) atul (2.25)
ililu rlu- iI!lm'\. <" llllltiunll a nd eva luating them a t t = tk gives
(/J- c)h {X( b + c) +Vp- Va} +J'1{-X(b+ c)+ Y f/ + Y a }}}/4]1
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or then ~ lIhs li t lllillg Iora uud ,I) ll ~ il1p; (;!,~,1) HIIII ( ~,~ ;j ), ,111.1 , 'vil luiol.i lll!. 1.11<'
resultlng equu tlcns all = I k ,c;iw s
(If +tl)/' + (1.- ely"
2
(b + c);c" + (II - f1 )!/'
.,
(d - 1I)H U, (I+ c) + Yl'- YnJ+
22
t i l<' <I1mVI ~ "I IUlll i" IlS 1."':OIllt'
Ap l,r,l' i ll ~ tlll' saul!' procodun- tor the thir d deri vative with rC5[wc l to tinu-
-I- (b - f'IHP.'(iI+c) + Y/I - Ya } +
t·~ { - X(b+ f~) +)'/1 -I-Yrl}]} / '11J
(il -I-dr~' + ( II - II)Y'"
:l ,fl + (i" "~
- -,- -
and
1i,'IP + :l li\
- - , - - ,
\\'" get
(~.:tll
T he above eight equations, from (2.26) through (2.33), are equations (A3)
to (AJO)of Kirwan ef Ill ., (1988).
Putti ng r = (l 1 +b1 - (:1 +,P, we can rewrite equations (2.28), (2.29),
(:l.ao), (:.!.:ll ), (2.:12), and (2.aa) as
2X da.+2 Ydb -2Y dc 411.' - X l' (2.2s')
- 2Y da +2Xdb +2X dc 4v' -Yf (2.29')
X ('l rll + rJa + Y (2d1 + r)b - Y (2 (fl + f )c 811." + X d(2d1 - 31') (2.30' )
- y(U l + f )a +X(2d 1 + r)b + X(2 d2 + flc 8," +Yd(2d' - 3r) (2.31 ' )
41'X da +4rydb -- .tryde 1611. '" +X(4tt _ 4dl~ _ r1) (2.32')
- 4fYdll +4fXdb +41'Xdc 16vN ' + Y (4tr -4d2r _1'2) (2.33') .
WI'. now solve t he equations analytically. Using (2.28' ) to elimin ate Y
from (2.:10' ) gives
X (2 d' - r)' ~ 4 (2 d' +r ) u'- 16 d u". (2.34)
Using (2.29' ) to eliminate X from (2.31') gives
Y (2 d' - r) ' ~ 4 (2 d' H) u - 16 d u". (2.35)
Using (2.28') to eliminat e Y from (2.32') gives
X (2 cf - 1')2 = 8 fu ' - 16 11."' .
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(2.36)
y (~"1 _ r )'" = s rI,' _ Hi »".
Using (2.:H) t n dim i n iltr~ X lrcm (~ .;lfi ) p;iVt's
and similarly (2.;l,'j) ran be used to r-lhuiua u- r Fnuu (2.:rn Lo p;i \'"
IlsillA(2.:11'\) to !'liminat" F Irom (2.:1!I) givt·s
( ~ .;Ij)
tl =
·U l! - n il
!/ t l" - 0 '1I'"
2 tJ2 - I' = ,I lI J~ = rJ2 - f1~ - I? +r~ (:H I)







E'plaliflll (j!A I) iudica tcs UI<l1 AP can 1)(' substituted for 2 ..r - r in bot h
"'llIat i<Jl1s(j!.aH) <lId (1.: 19). Elim inat ing d from the r('lIulling eq uation, gives
M~ = 1:/:" =:'t:~' . (2.4'l)
Tlms w,' JIilVl' s"lv,~1 fo r " IIs in~ oqnation (2AO) ami have uuothc-r " filia t io n
(2A:!) rd ilLing rho roure lulug unknown D I( P to d aIH! 10 t he velocity rleelvn-
tivI'lI. NOlI', W" Il l"l' ill ,1 position lo so lve the equations {or the reutalni ng
mr illhll'., X, V, fl , 11 uud c. Note, WI' call wlvl>t hb pro blem with out dcfluiug
JII, IlIl t !lu SIJ ill orde r to 1lJ"<'S"I'W jJarall els with Kirwau rl al., ( 1988).
Substituting (2.41) into (2.:)(1)givf's
(2.44)
Slibslitll l,inp;(V II ) into (2,:17) givf'!!
\V" still 1m\/(' Ulnl(' variables II, h, c to 501\'1' for. Elimina t ing a From
(2.2S ') ;11U1 ('l.'l !)') to give lin ex pressio n (or h in tenus o f c as
11 = 8(l( Xv' +Yu' ) - 4X Y,/r - 'lti l(X2 - Y2)C
4fP(X 2 t Y2) .
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(2.46)
Sl l[,~titll ti l1g tIll' ubovo vallie:; of (I ilild ,. into (2,-11 ) ,l!;i\"< 's ;111 I'Cllla ti"n l Ila!
is quudmtlc in I:. To sim plify the equa tion ant] suh'c' fur 1' , II'" 1I .~t' n UIII'" I " r
111gl'hra sort \\'lIrl ' [i.e. MACS't"MA), 11. turns Ollt I.lliL t t ill' l'!illa1.io n has1'\' .
peated roots. \\11, tlu-u snhsti t u l l' t ill' solution for (' lnto ( ~ " W ) a lld (2.H7)
to solve for fI and I,. Osing r = ,,/.1£1 - <IiIll • (2"[(1), (2,.1-1). (2 ..J!".), (2..l :1)
we-substitu to for l', Il, X , V, Af 1 in \.I1t' n's llltiuA I'qlla l,j" us I." "lttil iu 1.1...
fol1owillg so111tiOllS ill tenus of ti lt' tim" .11·ril'i1 ti\'t,:,,,r \"' l,,,-it,\'_
b =
It'V''' - 211"1)" +I/" l"
U' U" -IL"tI'
'''' "" "" ""11 I) -v V -u U + 1I II




0111' solut ions for X , V, n, II, c urral l dilfel -"lIl Irmu l llus.· of Ki rwilll rl . ,d.,
(1988) . Only ill 1ILl' case ur rl does tho Ol ( so lul.io ll giw tI ll' SM !l I ' l 'x l'r,'s:;io li
as Kirwan rl fll., ( I!JS8).
To slim Ill' , we prpsI ~lll all solutions for tl1l' 1>1( 1' iU ld pfls i1.iull S n-]..t ivl'
t,u I.lw tlow l'l'lItr" ob Lailll,, 1 IISill1l;the OK Ilw t llnd a!! below
,/ 1)'" - 21/·1)" +u"'v'
u 'v " -tt"V'
,m "I' ,,,' ""
!II) - I) I) - u II + 111 1






(rll - 2 M ' )u' - jj '"
M~
(Ill - 2M l )v' - v'"
M' .
From (1.26) and (2.27) we M '{' tha t. the swirl velocity ,ldlJH't! by (2. 18) and
It, = ~ (n +d)X + ~ (b-c)Y
II , = ~{b+ c)X + ~ (d -ft )Y
1/1' = !I-It,




TIlt' il llu\'{'solutions wet!' ohl,lilwd 011 tho nssuruptinns lhi~t lll+b2 _ r.1 oF
O. l.c. the dHl[('I·tt'ri~Lk root s inoquatlon (2.8) are diffcn-ut: Ld us now use
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continui ty to shew that lin' ahu\'p ~ lJl11 tiom; i1 1~u huhl fur tlu- l11 ullip l.· ,"to"l
pa ra meters so that it = f1 ,h= ',+1 ,,',=f',J:::: II, tlu- w lm'ilS f ..l,I I"·""'1\l'S
It +1 !J/ 2
,,+ t .1'/'1., ( ~.r,(i )
us to calcu late' fur u.i"i: nsiug l'q llitl.io1l.'; ('1.Aii, 2,·I!I, ;,l)j (l ) . 1'\,,11' 1111.1. he-n-
u'p '" -2U"tl" +u"' t,'
- n'u" U"Il' + O(t ) ( '1. ....,7)
, m "" "" ,,"IJ V - 1/1' +11 Tl -,IU
U'IJ" _II" ,,' + 0 (1). ('1..'i!J)
If we let ( ...... 0 into ti ll' ahot'I' 1'll llati IIllS, WI' lind that I. hl·~' · " qll 'l l iuIlS will
reduce to (2.'1::1, 2.,m, ViO). Similarly, tllt'SI' l1'Su lls om : Ills" " I,tllill".! by
perturbing (I and c. From tIlis, WI' i\l'llun' t hat tlu- 0 1, suluticus still 110101
rOT bot h the unrcpcatod anti multiple root 1'<lSI'S.
:m
Chapter 3
Testing Our OK Solutions
111 t ilt' pn'v i ( llI ~ rhapt l' f II'I~ s howrsl how a slugle IJilrticlt' traje ctory wouldbe
1I~1 '( 1 to c'akllla( l': the position X, Y o r the pa rt icletelative lo t he now cent re
lI~ilJp; (2.+1) an d (2.'15), tbe tr -anslation velocity Ur and Vr of th e llow ce ntre
IIsi ng (2Ji:l) and (2.54) (11\11 t he DKP a. b,c, rl of the Howcentre using (2.48),
(2A!J), (2.50) awl (2.'10), n-spe-ctiwly. We wil lnow tes t these solut ions using
;lrti l i( ' i iII1Y ,l!;t' IH'fULt'(! d atil tha t haskn o wn now properties . Several artificially
~"ll(, l" at('(l ll a ta sds coveringl~aSt~ of p urr stretching an d )lure shearing with-
"Ill trnns!ill.ioll vulccl ty and pure rot atioll wit h 1I111fo r111 translation ve locity
an- \l SI "1. W(· l'onsl l'lw LIlu-sh uuleted t raject or y of a. pa rticle fr om its initial
pu"it.ion n-latiw (0 tIlt' llow('t !U lr l' Xo• 1'G; the t r<lllslut ion velocity or the now
cent ro {I T, Vr ; 1I11l1 tilt' [)I\ P (I, b, r, «l:of lI lt' tlow lk-kl. 'l'lu- 0 1, ltwl l1.. d
is then lI!wt l to n1lr llli ll,I' LlI\'ki nl'tllilli. ' par.mn-Ie-rs HI' t !J I'IW ilr li li,'iil ll,r ).:;,' u-
erl\tnl trajl'doril's. Kirwan's sohukms ( I\ irwil l.,., ,/1., 1!11i1\) will ], 1' IISt-,] lH
calrula tc kluematic pa l";\t1ld~rs [rum ti lt' sauu- dilla SC'! ,l<, Frotu now U II \\'0'
willrefer (a Uu" solution ,IIiVt'tl hy '~lIIlH l. i l>tlS ( A :~ ) , (M), (AI~)t (1\ 1:1), (1\ ]-1),
(AI5) , (AHi), and (A I 7) of Ki rwan r t. ttl., ( 1!)8H) as ti lt' ]\ i r W;ltl S"l , tl.iu li.
This so lution is im'ort'e ct, hut has !J1'('U Wlt'tI hy otlu-rs {lpI\ ' is aud Kirwuu,
IDS7; Lewls rf (d." 1989; JudC'St rt ,/1., IlIH!l; I\il' wiltl (/ III. , 1!J!lO) L" r ;d,'HI;l1.,'
[)I( P of driftt"r dilL". They tl w rt,rlJrt, ll lt'ri1.some sLudy I" i ll l" ' l' l' ft' L I.Iws<'
drift(' I' il.llalysC's.
The OK metbcd l'!'ql1 irl's tuking h iK!I unlt'r .1.'!'iWl1.iws o f till' !,ilrlidl'
tmj('clo ry, lI ig h order .ll'rh"tti\'.'s art' lJm Lllhl" ttl 1",1.11 11lt"ISIll"l ' IlI I' III , t'r rors
andtrajcctcry lluctuatlons CUllSt 'l[ by lilHillIsenh, I ~!d i t's. WI" will, I.1wt't'Cul"l',
analy se lh{~ ro bustness or the 0[\ mdllml by llppl)'ill ,l.!; it LII1111 ilrtili ,' ially
gt'liera t o..'t.! t raj Pdory to wl.lch a known amount of rnudum IlOis(' has 1"'I'U
3.1 P ure Stretchin g
Wt ~ 1I0W I:£msit]l'r lI w CIL~11 of M eddy with p u re strc tchieg and no t ranslation
v<'!odly. Tl ll ~ st r(~illl1li .ws for Slirh a floware sketche d in Append ix 13. In lhb
('ilSf~, lIw a hsnluL(' posit ion (i "v) of the pa r t irll\ is th e same as its position
rdat.i\lt~ t o till' lIow centre nrul is obtnined from (2. 15) and (2.]6) with ;t,Y
Tocalcula te the time ,lcrivativf>s 1l11111Cr ica l1)'. we use a forward differcnc-
iu,e; sd lt'n w fur th l' rir~ l tilt!' !' point s (Math ews, 1987 )
uU)
v(ll
- :U(I.) +4i:(t+~ ) - ; (1.+ 26.)
2 "-




n 'lI[c'rc'd differencing at the middle points
n(l l -.r(1+ 26.)+S.i( t +~;~8 ;t(l -D.) +X(I-26.) (3.:3)
11(1) -ii ( I + 28) + 8 :lj( l + ~~ ~8 Y( t - 6) + Y (l. - 26. ) , (3A )
111111a iuu-kward dilfl'n'nd llg at the last t hree points
It(l ) ;1itt ) - ,1i {l - .6) +i:(i -2d)
2.6.





Here, tI. d e note's t IL"ti me il1k r\'allwl wrt' ll two n JlIS< 'c'u li n ' l'"il1l~ ill till"t iuu-
&,ries. Throughout thl' t l ll~is tho above t1111111 ' rit' al <!i l fl 'l"I'IWillp;sdll'lII .,s wil l
Ill' used to obtain npIo ti ll' four th urdcr tluu- , It'ri"i,tiws "I' posit.ions. ' n 'sls
wert' also done using lime dl'r i\'al ivt's uh l iti llC'd aualyurally from (:.!.I ;, ) a llli
(l .IG), bu t these arc not reported lu-re. Tllt's l' t{'s1.llP;i<"", of "()IIl·s l,. th" sa ul!'
result s ;us ob tained using nuuu-rjr-ally ,'lI1t'u)atl 'd rhno d,'rin ll il'l'l'.
We sot the slrl'lrhi llg d,J urlll "tioll rat" at II "" 0.1, 111l,1 til<' utht-r 1)[,1'
at II "" c = rI = 0, Lot. tIll' initial position with rc'spl','l 10 till' 11 ,,\\' n'u1.rc'
[which is also ti le absolute initial pos it ion ill t his n"'~I~ ) Ill' Xu = Il.mn a nd
Vo =0..1. TIll' DKP and t he posltkm ha w a uni t of l ill/(,- I 1I1I,llI lIi l, ,listalw,' ,
respectively , The time interval hl·t\\'l~'n snn"'ssivl' I'0si tioll ~ is 1'110"" 11 to h,'
:! units . S llhstitutiug lIwsl' values ror Xo, Yu, «, ii, r. tl lutu " ll ll ali Ulls (::Uf, )
and (2. 11;), we can ohtuin <I lime s,' ri"s or plls il iulIS. TIll' slim,' , 1 ~ lt i ' s"t b
used to e valuu t« Kirwan'ssolutions ( Ki f Wili tot{II,. I !JS~ ) . From now 011, lIw
nume ri cally rnlc ul uted results of th" r;,' llt'I'at p t! d ata lIsillp;eJII' s" llll,illl!,' 1.01,1,..
OK pr oblem willbe labelled ' 0 \, ' , Values obtained From l l ll' ,l\etl(' I'iLt!,d dil l«
using sol utions give n by Kirwan at Iii" (l! mt)) will lH ~ 1"lwlll'll as ' l' IIlWAN'.
Figure 3.1: T he DKP calculated, using OK (above) and KIRWAN (below)
solutions, from trajecto ries with pure stretchin g deformation.
Figure 3.1 shows time series of the DKP calculat ed from th e simulated
tr ajectory w ith pure stretching motion. The uppe r d iagram is obtained by
using the O K solut ions ((2.40), (2.48) , (2.49), (2.50)) a nd gives the expected
valuesof all p arameters, e.g, a == 0.1, b ==c== d == Oin llnits of ti me-1• Th ese
para meters ar e constant and in accordance wit h those used to generat e the
tra jectory. The lower diagram, on the other ban d, is pr oduced by KIRWAN
solutions. It showsth at only t he divergenceis calculated correct ly. The o ther
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three paramete rs do n ot «mform with till IS" used 10 1!:'~Itt' I'IItl' t ill' sinmla l.t'd
traj ectories .
No te thi~l in both l ilt' uppe-r 1I11111uwcr ,liilgril llls, Wt' ,10 lIul ill l"lllll,' St Ili I!'
results at the b cginu iug and a t tIll' " lid of Iiir- t.inw sl' l'i,'s sill!'(' il l'llIl1.ai l1s
spur jous Ieat u rcs, T h is is ruused by th,~ numeriml d ilft'T! 'III,iitti' lli I'l'tu" <SS
that is b-ing USl't1. III ligllrc a.:t WI' show tIll' pusi1. iolL of tilt' pilrtid l' III
Inte rvals 8, Clearly, at smalland largo tilllt's I,h!' 1l1l\ " l i"l l ' lI u J\"I' ,~ qnh-kly ill
01\l~ direction a nd slowly inthe other d in ·diuli. T his1"11' Is l.u 1I1l1lH'I'ind l' r rur s
al, sm all lind la rge Hull'S. Wn do uot have this p l'lJh ll~ rll wllt'li lllakillKlIS (' of
the analytically comp uu-dtime deriva tives uf ('qll HLiuIlS (:t,l!)) itl ld (:t.l li).
Ha ving calcula ted the lJl\ P, wentkll l llh~ lhp pllsit iull of tln- p1Ltlidt~ 1'l'11l-
Live t o lilt'now centre using( ':.J. A~ ) am] (:U:I), T Ill' pusi t ioll uf ll lO'I\lI(',' "" 111,1'1'
is calculated by suhttactiug l h t~ jlDsiHOII or lJilrlid,' \'l' 11~l. i Vt' III Ll<' How <"('l l!.n'
from th e ahso lntc pa r'Lirjc position generate d llsi n,u; (2. 1.1) ,\lItl (~ "lfiJ, ' 1'11<'
result is show n in figure :1,2. III this rig ll n~, lllt~ .*, sYlll lml d"lI lJk,~ Llw 1'.11"-
tid e's trajectory .1I1t! the '0' symhol co rrespuncls !.Ut h l~ flow t·" ll tn~ . WI' !ill , l
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Figure 3.2: The particle's t rajectory and the calculated posit ion of the !low
centre for the pure stretching case using OK.
The above procedures are used again to locate the flow centre from the
I<IRWAN solutions, i.e. subt racting (A.13) and (A.H) of Kirwan et aI.,
(1988) from the part icle position. The result is presented in figure 3.3. In
this figure, the flow centre moves far from the origin, whereas it should be
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Figure 3.3: T he particle 's trajectory and the calculated position of the flow
centre for the pure stretching case using KIRWAN.
" avin! obt ained the DKP and the position relative to the flowcentre, we
proceed to calcula te the swirl and flowcent re velociti~ . To do thi s, we make
use of equations (2.51), (2.52), (2.53) and (2.54). The result is presented in
figure 3.4 in which weplot the time series ortransla.tion velocities, UT and VT ,
log"· :" ~ with the swirl velocities, u. and v•. The top diagram is the result
given by the OK solution. Here, we find that t he t ranslat ion velocity (UT , VT )
is zero. This is correct since our simulated eddy has 110 translat ion velocity.
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The swirl velocity describes the part icle velocity relative to the velocity of
the flow centre. A part icle placed in this type of Bow with pure st retchint;
ha" int; a positive st retching deformation rate, Q , will move toward t he x-axis
and away (rom the y-exis (see figure 3.2). As a consequence, the eastward
component of velocity, u.. increases. On the othe r hand , the northward
rompoue nt of velocity, V" willdecrease. These featu res are ob tained by the
OK solutio ns.
'J _ vr OK~. - - "~ 0.01
~ ..
:> • • • • • • •• • • • •• • • • •• • • •_ -
4 01 20:;--- "':;--- -:;;..- -"':;--- 60 10 10 W
I:"2io.o, .....s .....•..•• • .~ O /: ,: ,~ ,: ,: :;,~" " .'~.~'"
-4:1.01
;0 )0 «l 50 60 10 10 W
Figure 3.4: Swirl and trans lational velocities calculated from trajector ies
with pure stre tching. The upper/l ower plot shows values obta ined using the
OK/ KIRWAN solution.
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The bottom diagram is uht "i w',lllsill,l!; l\ lHWAN\ s..,lllli"ns, I I sh"ws tiS
lhal t ill' crldy lias t rauslut ion \'I'lorith-s 111'1!.nn- iurnnsis tc-ut with 111<'I':ll'ill1l
In tilt' ras ,' of ]1111'1' ,~ll't'lI'hill,l?; , 1\'.' lim l thnt II Il' 0]\ s" llll i..,n n >l' ',',-l l,I'
obtninsal l tln- killt'1J) lIti., pnr unu-h-rs . ()II till ' 111,1ll'I'hand. ]\ 111\-''';'1: s,,11l1 j,ms
~jv,' lm-crrer-t \'i1hws rur all tll(· kin"l1Iil1,i" l'i1r;lIl1,'I!'rs o'x""pi div,'r.~" IIC'I"
3.2 P ure Sh earing
Equations (2.1.') lind (2.lIi) Hr" 11 11\\' uwd 1" silll iliall' lraj"duri,o:;n-sIlHill.l!.
Irom a st iitio llllry "ddy with pu n- sll"Hrill,l!;. T ill' stn'illl1liw'S (" I' s!wll ;, lI"w
ill'" sk"tdlt'd ill Apllt'lidix 1l. lu l liis <'as,' t ill' 1>1\1' \';IIII"S 111 11 1 inil iilll",siti"l1
are: b = 0,1, 11= r = «[ = 0, XII = n.OH:I, }';I = u.t . Tlw tiltH' illl, 'ITal
lcrwcon Iwn SIlC('('SSl\'" points ISd l"SI'u l" Ill' :! units T Ill' n'sil lt ill,l!; 1raj. 'd ,,,ry
WitS il1lllys,'t1 hy 11,,111 till' 01\ ilJl(I I\ IHWA;'I: 1I1<'11o,,,ls Hlld t.11<' n's lillill~ 1)1\1'
an- pl'('sl'II1.,'(1 ill li,l!;IIl"l ' :1.;1,
·lIJ
Figure 3.5: The DKP calculated, using OK (above) and KIRWAN (below)
solut ions, from traje<:tories with pure shear deformation.
The diagram a.t the top of figure 3.5 is obtained by using the OK solutions
And ~ves tbe correct values of all parameters , e.g. It = 0.1, a =c =d =0
in uuiu of time -I which are are independent of time. Tbe botto m diagram
shows DKP ohtained using the KIRWAN solut ions. It shows that only the
divergence is calculated correctly. The shearing b has the correct magnitude,
but the wrong sign. The other two parameters are inconsistent with those
used to generate the simula ted traje ctory.
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· ···I"niclt
t.....- flow cen rre
po, ilion z d irec t io n
Figure 3.6: The OK solution for par ticle t rajectory and position of the flow
centre from a t raj ectory with pure shearing.
Having obtained the DKP, we calcula.tethe position or the particle relative
to the flow centre using (2.44) and (2.45). As for the previous case, the
position of the flowcentre is computed by subt ract ing the posit ion of particle
relative to the flow centre above from the trajecto ry geuereted using (2.15)
and (2,16). T he posit ions obta ined from the OK solutions are presented in
figure 3.e. The OK solutions show that t he flowcentre lies aLthe origin (0,0)
a.~ it should.
positio n ~ dir ectio n
Figure 3.7: The KIRWANsolution for particle trajector y and posit ion of the
Bowcentre calculated from a trajectory with pure shearing.
Using Kirwan's solution for the part icle position rela tive to the flowcent re
posit ion, i.e. (AI3) and (AI4) of Kirwan d al., (1988), and subtracting them
from the t rajectory generated using (2.15) and (2.16) we obtain the plot of
flow centre trajectory '0' in figure 3.7. The particle tra jectory obtained from
(2.15) and (2.l6 ) is plotted with "". It shows that t he How centr e moves
rapidly, whereas it should be stationary.
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Figure 3.8: Swirl and t ranslational velocities calculated from trajedoril)s
with pure shearing, using OK (above) and KIRWAN(below) solutions.
Having obtain ed the DKP and the position relat ive to the flow centre,
we proceed further to calculat ing the translation and swirl velocities. In
this regard, we make use of (2.51), (2.52), (2.53) and (2.54). The result is
presented in figure 3.8 in which we plot the transla tion velocities, Ur and
Vr, together with the swirl velocities, u, and v,. The upper diagram are
resu lts given by the OK solutions. Here, we find that there is 0 0 t ranslation
wl,wily ilS shown Ly LIlt' both valur-s of (IT and V1' lx-lng equal to eero .
T his i.~ I'orrpc~t si ll n~ our .~il1l11 l;ll('t1I~c1dy has nu t ranslatio n velocities. T he
Lrnjm-tury of ;0 parti <'1c' i ll this lYlw of pu re sheari ng lIow with I) posil ivl'
il 1' t'.~ lIl t , !lulh l·omlltllll'l1t.S of swirl vdol~ity (u,, t'.) enlarge. 'I'hes o f.'alll rl 's
iln ' I'ro pc'rly dl'SlTilwd lIy IIII' OK solut ions.
Tl IC' lower diilp;rlll11 is ulltaitll'd llsing KIRWAN 's solutions. It shows that
lllC'l'lllly hilS Lrunxlutiuu velocitios which,Jr( ' not consistent with till' values
IISI'I[ to p;plll'rilt.t' tIll' lntj..dory, \Vt'nlao s~ t hat t h~ ll. decreases whereas /J,
inr-n-ases. T ln'sc' values MI ' iUfllusisll'ul with tln-trajectory hdng 1111<1.lyzl'{l.
WI' hll\'c'lIOSll'd tire' 0 /\ <Iud K/HWAN solnricus by iUlillysiu,l!; trajectories
with !,1Ir<' slu'<Ir i llp;. TIll' 01\ .~O l lll il>llS .r;-iVl 'll ' ·um 'rt. r~prrSl' ntlltioll of t llC'now
lip),!. 0 11 thl' oth l'r hand, KIHWAN solutions fail tu give corr ect esti mates
for all khn-mutjr - pllrlllHC'l (' rs cxrcp t the div('rgcnre.
3.3 Pure Ro t a t ion wi th Tran slation Velocity
TIll' artifh-lal tra joctory for tln- 1'111"(' of pun' rut.nfiuu is ~t 'I U' l' ll l t 'd IIsill ).!; r .lu-
fol lowing expressinus :
fh'f t :ll'/I,'( wl)
V/'I+:l .•ill (wl )
Pnlling tile' itnp;1l11lT \·('IUI"ity w = :1.1-[ x W- 1 , i f.,. = I '~I' = uu! i lll "
(3. 7) and (:),8), we ,11;1'1 a ll'1ljl~:lory fo r Jilin' rotation ulunu. II l.rall slillill /l, How
cent ro. The Linn- interval lx-t we -n t.WOsll,' ,', 's si l'l' point s is dll'SI'1i ttl I... ,'i
units. The OK aml KIR\VAN solutions il l"<' used to :l llil ly Sl' ti ll' J!.1'lw ril1,·,1
trajertory. Note t hil l, ('(11 111 110111" (:1.7) and (:I.Ii) ronhlr-qually we-ll , I' '';'' r i lu' a
[low fk-ldthut movr-s as it s \" ',,1 So t ll i11ull poiuts uu l.I", s]Il',·t JillV<'III<' sa UII"
(10 111.dis!,la",·, I) l"ilTUlar lr a jP("t" ri ,·s 1,('la t !,, !' 1,0 it 1I1lifllrlll lr illi slalj ,, " {IT , Vr.






















Figure 3.9: The pumerieally ulculat ed DKP for pure rotat ion with transla-
tion case usier; OK and KIRWAN.
Figure 3.9 shows the time series of calculated DKP for pure rotati on and
translation. The upper diagam is obtai ned by using the OK solutions. It
shows a single line at c = 6.28 X 10-2 and three overlapping lines sbowing
tl = b = d = O. These values are identical to those used to generate the
trajectory.
Th e lower diagram produ ced by KIRWAN shows that only the divergenc e,
d, is calculated correctly. T his finding is simila r to those of the pure st retc hing
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and putt' sh~aring shown earlier, The vorticity, c. is only one fourth of tilt'
t rue value but it is constant . The st retching b And shear c oscillate at rwke
the rotat ional frequency of the eddy.
_ !WIde
1'0, i Ho n • Jiredion
Figure 3.10: The OK solut ioDfor part icle t rajectory u d position of the flow
centre calculated. from a.t rajectory th at rotates around the translating Bow
centre.
Having obtained the above DKP, we calculate the posrtiou of a particle
rela t ive to the Bow cent re using (2.44) and (2.45). The position of the Row
cent re is obta ined by subt racting the posit ion of particle relative to the now
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,,1t1.ililll 'd Irom tln- O K solutum arc shown ill I1gnHl ,1.10. III this {Iiagl'mn ,
till' .. ....' ~yllllJ(J1 ,!l'IlUI.I'li tilt' flow rcntn- tra jr'dory and l1w '- ' symbol ren-e-
'~ I Jl III ' 1s t" lIll' pm'ti t'll":; trajertory. Using the 01< solutio n, we flnd that the
t.O,I!;"lu 'wl,' t Il{' s illlillatl" [ ,lata , T Ill' trenslarion veloc ity will be pres ented
lak r ll !l ,
trsill~ Kirwuu's solution for part ie.!l> pos it ion relative to the flow centre,
j.e-. (AI :!) alii! (Al.l ) of Kirwan rI al. ( 1988) , and subtrnctfng them from
till' positiull of lJilrti d{' gl'lwrat{,d !I,~iJlg (:J.7) and (3.8) we obtain the plot of
/lUI\" {'{'!lI,T!' Imjl '(:tlJry ',f , ' ill figure :1.1J. The particle trajectory obtained
fruUl (:I,i) uud (:1.1l) is plotted wit h '-', F igure :J.l 1 shows that the flow
"l'ntn' nw\,{'s lIurt lll'Hst \\'Hrtl while rot at ing. The radius of its circle is greater
than l.11l' uct unl trujcctcry. This featur e shows 1I1ill I<IHWA N gives another
····.IIow_
~ : ,,~/~;§!f~;~~:~~<~~~:~~\
::" \O ,::t , : ~erd \ ': \ i
; \:"?) J
-31.'30:,-1-,;;-;;----:;----;,;"----,,,;:'--:,,';--;';--;,
po. i ti on z d ir ec lio n
Figure3 .11: Tbe KIRWAN solution for par t icle t rajectory a nd position of the
Row centre calculated from a t rajecto ry that rota tes uo und the translat io&
£low cent re.
Having found t he DKP and the position relat ive to th e flow centre, we
proceed to calculate the 80w centr e and swirl velocities . le order t.oget t hese,
we make use of equations (2.51), (2.52), (2 .53) and (2.54). In ligure 3.12 we
plot a ti me series of the translation velociti es, UT and VT, together witb the
swirl velocities, u. and u• . The top diagram sbows results given by t he OK
solutions. Here, we lind t hat the part icle has a t ra nslat ion velocity with both
UT and VT equal to 0.01(t he lines are ovcrlappingo n th e plot ). This is exactly
:;0
, "fA 7\ Ok. • I~.;~LMM







~ . IO};-.'-..-'" C..:.-:;-'-':....::.--;-::....:-'-'-7:....:._~
Figure 3.12: Swirl and l ranslation velocities celculeted from a.tn .jettory that
rotat es around a trans lati ng flow centre. The top plot is from OK solution
and the k.w!"r plot is (rom Kirwan solution .
as same i\5 the values used to simulate the trajectory. The swirl velocity is
Also obt ained correctly. T he components of swirl velocity, u , eed 1), h.vc aD
amplit ude of 9.42 x 10- 2 And oscillate at the eddy roWion frequency. The
artual a.mplitude of the swirl velocity is equal to 101x r = 'f: )( 10- 2 )( 3 =
9.42 x IO- ~ . Here, r deno tes the distance to the Bow cent re which is set to 3
in equations (3.7) and (3.8).
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with Ilit, \',,111" Ilst,,11".c."l lO'rillt 'tl lO'lraj,'d ur ,\·, FlI r lll<'r.I\·,, ~, .. ' llial ],ul ll , '''111
pOlI"l lls uf l ilt' swi rl n' '',.. i ly u~"il l; ,I , ' hut wuh ;111 illn' I'l""'1 l,a l l ' "I'II, ,\ J.'.;,i" ,
l 'i1fill1lt' l l'l"s ru rt: 01\ - - '-\ I Il\\',
"
( x i II ' ) II II - lI:7sl ;;-
I, ( xl\l-t) II II , 1..·" 1,,
1· ( ,< I U..1) li.:!:O; li,:!:O; 1,.·,7
,/ ( ;.:1 0- '1) II II -- -- - -
tr (xm- I , I ~1~~:T:l~~ ,
r,.( x lW1 l I , ~;-;,
41• ( x lU- I -!J..I:! l u !J.·l:! . ~ l. I:! lu !/.·I:! f-- ;;:' ,,,I', (xW- 1 \ -!J..l:! l lJ !J.·I:! _!I,_I:! lu ~J..l :! «,
"l'iJ l,h· :I.I ; 'I'ill 'lllah-,I I,illt'!lIi1li" ,u' ''I', 'n i,,,, 1II'l llil!t" llIS illl!.( ll , ;' 11. 11\1 11\ \-":\ :\
01 11I1 111( ' TH PE vnlm-s f" r 1Ill' I'll n'1'll lit li lJlI with Il'illlsliJl j" l1 nlS"
,\ 11 t ind iuj!;s l'l 'sILlli ll .!.\[r um pun- rotutiou a\' , ,"1 iI l r ;, " sl il l i ll l!. ll"w ""11
tn- an' Sllllll llilriz, ..1in Ta l,h' :1.1. TIl(' n dn tl,' l" d killl'l lIiOli" IHor;,rllt'l, 'rs "I ,
li1ilH',l I'ruill l ilt' 0 1\ s"! ,,l i"l1 ;111 '] tlu- Klewnn , I ,,/.. ( I ~ J'''~ J slllll i i,, " ill!' ill
wl ;" I,I" "SI; IlI;,l i,, " " r r.ln-lI"w li..hl rur 1" 1]"< ' rotatiou with t ra lls!" l.i,,". \ Vil ll
1IIl'I 'X' ·"I '1.i" 11"rd i\'l 'rW'rWl',f th .. !":IH\ VA(l: su!u li oll j!;i\"'s kil1l'lllillil 'l'il ra llw-
I." I.~ Il,;,. ,!irr" r rr" 11 flw t rue value. T hl'fl' is 1I" ,l ulI],1 t ha I j\ irwilll 's s" lllt j" u
( l\ in l';' 11 ,I III.. I ~ J<~S J "' ''I u,i tls r-rrurs . T Ill' n ' l'ti ,'it.r" " " t" illt'd rl'<J tII Illl'
l":lII\V,\ i\' s" ll ll j"lI i" a l Im sl s lt' ;,tl,\' (1I'Iwl't';IS II ;w d /,IlIll'tlli, I,' j. P r" vi" us
illn ',~li1\itlurs ( L,' wi" <tll,l Kir wan. I ~J ,~i; I'; irll'illl .t "I" I!JSSj IlId ,osl ct el.,
J!J,"i!J; 1." lI'i" tI "'.. I!JS!J; Kirwan II ,I!.. HmO) hal' " i1ppli, 'r1 t1wir ""lllti"l1 I"
,h in "I' 11';U"ks ill ,' I"r)..\.' 1'"lal illp;l'rlll,\' , Tln- I'; IB\ YA i\: S" lllt i" lI 1'1'01,,,1.1.1' I;i\'" s
l't'as " IIi1 I,],' l" "ki ll,c,din'I',c, " ,lC'" ilnd I'orl it"ily \\'111' 11 it is IIs"l l ttl look ;,1, slidl
n 'la l ill,c,. ',I,lil'S, 1>1,1 lIlt' \'"r li ,'ily willlu- toostuall i,y it rHt"tur o f ,I,
WI' !t"I', ' It's ll 'd 1o,,1l! ti lt' o r.; alltl l\ lH\VA i'\ SI,h l li" us mill!!:S" \" 'l'HI I;"U-
alld ,I,.f" rl1lal i" ll w;l lu 01 I1 1ra llslilt.iu ll l"l'u n ' rutat.iou \\'ilh 1.1'1'11 :<1 ,,11011 , III i11 1
" ;ISl'S, l ilt' 01": s" lllt i" l1 Sl1,,,,,',,srll ll.r " b U,ins ..lI kim-utntir- p rop t'f l k s from l ilt'
1I'a j . 'd o ri,'s , ,\ S" rt'SIIII . tln- OJ'; Illl,th " d j~ ill,lt' 1.0 d"s nilt" tit" How lipid
d " lfill"Ic'l'islks quiu- 11'1 ,11. Oil t Ill' " llwr ha w l, ouly d ir " fA" tt". , <'an hI' found
n ,n ..,., I,1' ll:<ill/l; l it.' 1\IIHV,\ N ~Ol I1 1 i" ll , T Ill' "tlwl' 1'; 1l'" n U'I<'l'~ and t ill' kim-.
Illill i,' I'n 'p,' rli l's ur t ilt' lI"w li,'I,1 a n' not in a/l;I't'{'lll l 'nl with W,lll1'i< 'l sPll to
( ~ ..l ()) in ( 'll;l l'h 'l" '! 1I[ l hi~ 1 I 1l'~ i ~ awl ( ,\ .l :!) III' l\ i r \\'m l '/01.. ( 1~ 1"' S l l.
SIW"i1l1 urn-ntluu will II, ' p;h"' 11 I" l":irl\'IlIl\ ~lIllllhllL ~ . l L' \'i ll ).'. h"l , 1 his
lal ,,,r ;I(" 1'.\' 1 1,,1.,~ which , 1 " 111 " 1l~ 1 ri,I,' h i ~ ,, 1" ).'.;1111 Im"'" ,lllfl' 1" '1' , 1oTil 'illt, t ilt,
s" llll iuns. 1\'" Ilill"< ' 1." ,;,1",\ tlu- I" ,i tll~ ; ,1 which ;,I!!.,' I'I";l ir " 1'n ' r ~ 11;{\'" 1" "1 1
in h'rIl l ~ "I' l'" r ill lll' l \ '1' .II! . l i lt' ,ld ,' rllliuillll m at rix "r tI,.. 111":1' t l":irwillI\
li,l ,uritll1r.I' 1l,,1.,~) , I II ~ tI ' i ,, 1 "r lI ~ ill ).'. t/! +// - I ' ! - ,f! = - l .l/ ! . 1"' 1'1',,1,..,[ ,1,1
IIM'd ,,1 + [JI _ f· l - ,II = -.\I ~ wl" ' 11 ~"kil1g r"r .\" ;",, 1 }' ...\ bu , Ii" 11,..,,01
Ol + IJl_ , ,1 _ .II = _ :n l l i ll ~l " iJJ t ur 'Isill.).'. U! + IJt - I' ! - .I; "" - I,lft wlu-u
~lJl\"ill!!. [,,1' ,\l 't . If w,' ,·urn ',.Ct ill' "h"\"l'~III ,~ l i1. lIl i "lI~ ill l, il\ l'il lI '" b,I''' ''' l ' 'I.'"
n llT",·II.I' il lid \\',,11 1,1 lo.. 111\' ~a l1 l1 ' iI~ our 01\ "", llI l i " II~ , \\ '" ,li d 1",1 d ll'di
1I'II<' IIIl'r "I ' !lut Ibis \\"lI"ld I... ~ 1l1l j,-i "11 1 I" " " IT" ,' l I , i ~ ",,1111i"l1 ~ f" r ". I, itlld
unc- lII il ll " I·, 111)\\'('\'\' 1', i l lI'il~ 1Ill' work "I' Kirwan , I 01., / 1!J:-I.'i ) 1J,,, , I' n ' \ ' j,I ,',1
ti ll' IIl1'll l", l uf ,~"l l1l i u lI, \\' I l\' r""~ 1\", ' lww 1Ill' Il ' I,1" "" 1'1"" "1",1 rln- illl!" ·ln-,, . or
,"" IN' /":inWIII " " I.. ( I!/ll.'l) \\...... w ally j ll\'<'rl i ll ~ Okul,,)s {1!JilJ) s ll lt!Yr"l
How ;1I'oll)ul ;, lIow ji" ld Ni u.~lI l a l"il.v. Il,'w'" \\.,. lnlx-l th .. 0 1": sol utions i ll
JJoHlI HlI"o r t ln- IJI ~ J P ],' I'r i lH'il'ill1y TI'Spollsibl,' for uh t ili lL ill~ tlu-m.
3.4 T he Effect of Random Noise on t he OK
Method
T his .s, ·,·l i" u will runls 011 h"l\" t Ill' 0]\ Ilwtllud is " lr'T h ·,1 l,y lI.. i.s,'. 'I'll<'
lIui", ' ;u lol", 11 0 ti ll' 11';,jl'c1 Ul'y has lib" a uonual , lislril" llilJlI. T his kiwi of
,l isl l'il 'll t.i"l1is "UlIlIllo li ly '· lll'Ollll t ('f ,·,1ill nature. TIll' amount of lIu is,' is ~i\"l ' lL
i ll k r ms "r tlu- SIN rutlo. which (I Wil Sllrl 'S th.· sl. l· (, J1~ lh o r si~ lI ;11 1"(·latiw tu
t l,,· n" is, ·. T his II" iSt' is ;,,1<[.·,1 t., til<'Iraj",' lory ur pun- rutatiuu g iv"n I,y
1:l.ij " lll i (:1.1'') . 'lIu- 0 1":so l\lt iu ll is 11"'11 u.~, · , I 1." ol.l" ;n 1110'U]\\, From 1.1,,·
1'1,,' ro lltlwi n~'. skI's will I,,· "l1lpllly",1 to IT" i,I,· t ill' uormully d is l ril ," l, 'd
u"is ,'. \\"" ,1!;" lI " I'i1l<" " 1l1lir"rlllly dislr illlllt',[ll uist· l,y using l.llt' lMS L slllmlll-
thu- , ' ; ! H, ', I 'H ~\ ! :\ F ' , T his ._lIll1'tlllli lll' is 11 ltlulliplk llth'" coug ruout.inlgene-r-
;,l " r and il I' l'o, hll'('s a random 1111111",1'lu-t weeu unud I {No -lamknvll. illS; ) .
wln.n- /'/11I11I' _ 1 is IIU' ill i l iill I"l,IlI '· . 1110' s, ~· , l. l lll , I II' is <I ,'''lI sI1l1l$ wl,l,1!
hils ;, villll" u r i~ = IIL :'II; (I ...,w " 1Il1 1-,;, '11"11. I! I~-:!I . :",·x l. lh is 1IIli f"H III ,\-
thill ki ul l " rn"is ,'. \\""ll1«· l1wSl I.ndl,..I ·p" I;lt 111...111 ,,[' (~ l;lrM.e.l i; 1 ;,w l ll!' 1I,\',
l!Jlil) . Tllt 'l1wl lwd \\"illl1;"IIO'r,,'" r;'!I<I"HlIl1l1ll 1"·I"!< \\'l.idlll;,I"O· 1I ' 1II',," u f ll
illI' l iI \'oui1<nn- "f I ( ~ I ..r,!;;' Il. !!lSI ; I' n'S.", " "f ., 1 ~ISfi l .
T I1l' lIunll1,lIy .listr illllh ..1 rillldu ill mllu l"'rll UIt ) l' n..llln..1 loy li lt' ;'],"\'1 '
ji ll ' :1" I + :t •.".~ .,) I + ..1 U(I) (:t ~ I J
!i ll ) F,. I + ;l .~i " .,) ' +.., Utll n. Wj
WIIl' I'I' W = If;;; ilfl,I ..1 is 1111' l lui...,' ;IIll I,l i lllt ll ' , ' I' l l<' l i l l l<' i ll l l'I'\';oII"'I\\""'11
l"dt i''li.IIT = ' i-::: lUll fur t lu - r"l l,,\\'illp' \\1,rk . Witl ••"11tlll ' l1ui",,' . Ill<'1>h:I'
iHI' " = II = ./ = II, /' =2 ...' ::: li,2S )( W-' . Th rn ' ,li IT,'n'lll 'r;,j,..·turi,..,.
will l", n, 'a l.·.lnn·rl"'I"," ,lillp; I.. v..lu,·s " f II::: tn-t.tu- v. tu- t . '111,,,,,'11";"
jl'l·tvri.'Swill iliOn- .lilf.'n·lIt Sf':'. rill jus i1'Tur,liuR hi II... !Iui ...· 1<I1II'Ii I 'I,I,·. ·1 I...
Elf,"'l s or lIlt' rilH,lolll !lui,;,' "II till' D1';:J' M(' ~hu\\'u in fi,c; llrp : I, l: ~ " Tht,
Iu\\",'r diil,l.\ I";lIl1s lww"~ tlwl if tlu' si,l.\lIill is l"t·lillil",'ly stWII,t: t"OIllI IMl'd tu till'
lJ" is,' /i.,' . SIN. (I[ fl:{U}. \\"1' m ay still ,,1,lilill 1)!\l' whicb ,lr.,r!usl·l u l!Lp vahn-s
w i l ll"lI l, II" i s,', l.r-. :1 = (I. '1'111' Il lill dl,' plo t in f1~lIn ' :1.1:1 s howsII SI N of
.'j ;\ ;1lI,] t.ln- IIppl'l" plol sllll\ \',s a SIN tJf .1,:1. As till' uolso!I'n ' l im-n-ase-s, till'
r' ll l.I"1ll\ 'lll'i'II,ilily ,I" lIIin"1.I'stlll" "al r lllal,'d I l l\ l '. A 1'.'lillil".' I,\'SIlli111IUllUll lIl
of flub,' ill 1.1 11' t rl,j .','I"ry " IIlist' S 11 11l r!!:" i11111>1I 11 L of uois« in tilt' ntkll l il LI ~1
[ )I ';:I '. 1".11",·xillttl,I. ', wlwlI I.l1I's ip;llilllu nclsr- ratio for tln-tra jectory \'l'! tH'ity
is r,:lllll' si,c;nld '" lI"i,;,' rat.iu Ilf t ln- vurtiri ty ",lkll l" tl',1hy t ill' OJ": 1lll'lhud
i s ''lI ly ~ = I. '1.
'I'll!' 11";ljl1'tury atn] c;,J" 1l1,,1t11 po siliulls tJf tlu- 11011' <"I'l1tr(' are shown ill
l i,l.\tlw: I. I .I. Int iit' lUlI'l'I" dill.c;ram. WI' St, ,\ llil l fur \"l't"y weak I1Uilil' LIll' po sition
.. I' I Ill' tlow ["l' IIIn- is rlUSl' lu 1111' pus iliun with uuLHoi,;,', With a SIN \If fl,:!
!ii
Figure 3.13: T he DKP calculated using the OK method with SIN ratios of
5.3 ( top) , 53 (middle) and 530 ( bollom) .
.')8
Figure 3.14: The par ticle's trajectory and ca lculated positions of the flow
cent re using the OK method with SI N ratios of 5.3 (t op), 53 (middle) and
530 ( botto m) .
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E.~l illltl/nl S / Nmli o
llfl l," IIIfI (' ,..~ .'"1.:\ :1:1 .",:ltJ
(/ X 1!I - ~ 1:!±li Il.ll ± tlJi tUIU± Il.Il.'",
fJ x W- :\± K II .II ± U..'"I II.lIU±IUl.'",
I :; : : ~~=~ I:~ ± 1:-:I ~ :~ ::: : : : H.:!I\ ± IU I I
--=IT"±ii 11.l1ll± (I.Ui
T1l],I" :t :!: AI"' I' a~1' \"1I11l1'S llf Ill,]' ul ,la il".,1 fnuu lI"is.\"dut e. T lw " I ·' · I;I .t:. i r l ~
was dOll<' UI·,'t IOIi I H, ill l ~ . TIl("~ i~Il'1 1 lu lmis" rill it! "f til ., 1'11\1' ,I.d ;, was .'"1. :1.
:j: l. ;.:10 rur 111\1 t h n~' I' H~" S mlls id " 1"'~ 1.
1>1\1'. 110\\"'1"'1'. i'\lldl , , \·, ·n. ~i nP. w;lI abo ,· limina1., rl'lll lii.c,h fn"lu" II,'.\"sigll i, b
i n t ilt' DI' P, Th is is uot ill issru- for tln- p r. 'S.'1I1 nl i'\" Silln' \\'. ' an' ",,"sirl"ri llg
D I,I'I,h lll llll' l'llll slanl ,
Tnhh- :l.:! sho ws 1.I1t'<'If".t or .wis,' 011 ,·slil1l1,1.iu/l:LIlt'Ill':I' lI S i l l ~ L)]1 ' (>I,
1'1,11' p;" r lt'I 'a lt~1 ,11111l,,1'1' ' ·XlIllli' I". I. Th.· ~"II,' ra l , ', 1 dalil hll,1 Sj i\ rali"i'\ " r
no
Illli ,1,'ir l,'rI H,sil iulI,' , t1llls J!;i vinp;[IHi"" t ill1'llt',.;" r l',wh DJ, I' ]HlI";lIllt'll'rfrOlll
wllidl Lln- lIlt' il ll Valli. , aw l st.itn,larolrloviutlou of t hL. 11I1',11l un- lI!Jlailll"1.
AVt' n'l\ill.l!; over IOfi illd"]ll'l1,h'lIl r-sti mau-s i" slIfli.-iI'Il1. In y ield 11 IlSI{ lIl
''1'1.iHli'1.,' of " fu r 11U' d ata l li al IIIlS a SI N nf .'la, 1IuII" ' \'('r , it is IIIlI. "lI ulIgh
It is r-k-art.luu tln-01, nu-thod is w ry s"llsit i" C'tu noise. !I.slmilur 1i1llii ng
hils 111'1'11 P l't 'st' lIt ,~ l l' a rli"I' II)' Kirwan ct ill., ( IIIIJO). T he SOlirrt- (If !lui!'t'
may Ill" til", 'x l"'rilll"lI lill ort'ur illlixi ll 1!; l,h,' dr irt " rl'usil iun, 1.11t'sllu,1Isca lI'
vuriations in IIII' How lidd amltlu.up 1."four lll on lt 'r 1Ill lHt' r ira l tliff" n 'll t iatinu
srlu-nn- inll<'l"l" III.Jy p"s!'t 'ssl',1 by t ill'OJ" 11\1'1.II"d . SlI1uuthilig tht· t rilj,'('[uriC'!'
lilll'ri llp; ,.Iso t'l illl;rliltl ·.• hi#!;Jl fn-qnency iufonnar ion. ,\ IlI'W d llsl( ']"fIll'l]lo,J
!Jt,ll do' ·.~ Ilt l l , illmll'l' I'll Ulillly lrigJll'r order rJiJft-'fl'ntiatiollS willhi' prf'sl'llt.I·,J
inU II' lIt'xl dlllpl l·r.
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Chapter 4
ANew Regression Method for
Calculating DKP from a
Cluster of Drifters: the HS
Method
V"llld t), gn u li"lllS r-an Ill' cah-uluu-d Inuu it si n",l,>l rilj ' ~ 'I" ry 'uul" r tln- ;'s
sumptlun t hal tlu- Enh-rinu nol\' lil'l.l iH stali OllMYuud till' II,,\\"li,-Id ...·uln-
(Lt" si ll~n l ad L..I' posit.iun) is lixc...l (I, irw;1I1 d (d" l !l:'\.'i). lI " I\" ' \'o' r , th is Iii'S
ti lt' d ismlvllIlta.l!;l' ll lill tin' fourtb tiun- derivativcul drifter l,osi l iull must bo
I'llk ll l;' l!~ 1. A smi,l! illllOlllt uf measu rement e rror ca ll kad to such h ig h"l'
unh-r- dt-nva.tivcs h('jl l~ very unreliable.
() kIlIJ(l and gbl)('sll ll'y,'r (1!17fi)usc a linear regressioutucthod to calculate
v('l,wily gflld ietl t ~ fro m t h,~ position und velo cit y of many drifters. T his
1110'1.11,,01 il,SS l lll ll'S tllP Ilnwrr-nt ro is fixed Lo t he clust er rentroid and tha t
1.1[(' wltJeity g rluli('nt is rommou to all drifter s , Klrwnn (1988) shows tlmt
li x i ll~ l lll' !low n 'llt r,' to LIlt' clusu-rcvut rnid call CilIlSI' seri ous binslng whereby
" Il"I",lU' llli.l!;hi 1", truus forn-dfromt he swirl veloc ity to t he transla t ion velo city
fur (·Xil lllp l" .
L,ol us now llrvd 0l' a way to ('(tin dall' velo city gl'ad ients f ru m II cluster
of tl l'i fh'rs. \VI ' will IIOL. fix ti ll' HoII' sing ularity r-cnt n- to thecluster cent roid.
[1"wI'I'I'r, we- will i ISS 11 1l1 1· t hilll l l(' ~n nlC' velucity g radien t eppliost o all dr ifte rs
ill II d ustt'f o ('{'lIpyi llg a local n-giou of space, Our n ew method will on ly
l"\'qll; I"I' lip to t it" socondriuu- derivative of dr if t er position. It is still basel
111'0 11 11llucar n 'lw~siull hill WI' will lw tilling a best fit to 11(Iiffert'lit m o del
fru1\l lhal..,f Okubo Htul EhlwSll ll'YI'l' ( l!I76),
O kl1],u all d EI,h"SllllTI'f ( 1!J71i) did a h-ast squa res ~ t fur ,~ model t hat
1 '''ll ~ i ~ 1 1' 1 1 or motion IWIllj:( t!t'snlll('d hy it moa n llow ('<lllal to the cent roid
displac ement [ro m till" n'1l1roi<l positmll. Our IWW 1Il' l'ruill"l1 l ib. llw ,ta t"
ELJ besm cyl'f (1 976) lise II n~~rt~ss i(Jn to solw rOf t Il<' n'lI l,ru i,[ \,.' lo,..ily nud
velocity gradie llts . O llr stipillat iull o[ z,' n l llow "I'lltro- ,uTI'!n a tilll1 v;in's
ami \'e-Iodty,
Co nsi tlC'fa dllste'r w il h " elnll;'llt'!l ill it. The ' \·. ,~ "·ily . of till' i" ,lru.e.1I 1'
lIT+(I~ (;;- X·r)+I"W.--l'T I +'j : (Ul
l'T+ t" V ; -XT ) + ,r (jj, -)r J+ "i (4 .:!)
\Vbr-te n ' "" i1; , f," "" H;, c' = 5;, ami d ' := ¥.; a r. ' t i ll ' \fl'ludly /1,tI"li l 'lIls,
1)[ are lhl! rcsidllld vC'I IJl~i l jt '!l , NuL.' Ihllt t ill' U I{I' rll lI I" , t1d l' l'I l1i!n. J rr" l lI
l )"." I",, ',·\'..I, ... i l.y}!;r; ,, ' i <' 1I 1~ 10.1' lIWki ll}!;liS" u f (:!.·1). )lil f' ·ITlll i" t lll.c;(-1.1) un.l
(I.:!) with n ·sl"",I1.,, l ill l<" ( iw li...,h ·,l l,y " I'ri llw ),(!;iw s
II, := f1 -II'-" ·" 'f"+'(I,,- b·l :r +II ~' () .:l)
", ( ' - /1, - .-T.,. +""/',- ,r Fr +<' (-IA )
WI"T" 11",11,,\\' ...·11,·1' is " ~~lI ll ll·,I , I,,1 I" IIlT' ·],·r" t ,' ({, It./, := -f, \:,. = Il) illl<l
" •• ,.. , ,,- • d" "n ' I" k' ·'l I" I". ",, " ~I " "1.u"' ·" II Iiun- iuu-rval. 1 ~' l ll " 1. itJlI ~ (.1.:1)
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'1'1", 1-,'loc it.l- "r I Ill' 111l' ;:" dril"ln ill (-1.1) ; l!Io! \ I. ~ ) has 1"''' 11 ,li l'id, -d : ilil"
t rallsl,,1jill! ,,{ 11" , 11"11' CTIIIIT (l. 1:! )_ (1. 1:1): a __ wirl I'c'lon'ily ll.:.!:.!l. I L~:l):
( -I.~ I ) nmsl il ll l<' II "'''Ilpld' 'sl'l " I" '-' IIl;lI i,," , (""I' ,, './,'. ,. ' . ,I' . / ',.. \ r- XI '
l'l ... h d ri n , -r, ,1"l ",n , lilll-\111" '11 wl...r.. tlw ,Irirh' r is n- !;liil' ,-I " til<' tI,,1I' ,-,·lIt n-.
T Iu- al'l'lin,t iIJII"ftl.i' ,p'I'·I1I"f '· ' lllali "",t",,I'lai n IH'I' lI'il\ SIIllSpCI' lI'1I1 1,1
I", l'l,r,'rn'd t" ;'s IIII' l iS 1111'11." ,1 ;,nol 111(' " 'I"; ,t i" 11' will )'" "'["rI',-,1 1" " ,.
t ill' liS ' -'IIWtiIJIlS. TIu- lHa~ lIi t 1l< h' o f 111<' nosi,III;11 \'l 'I,wil.\' ,-,111 11';11',-,1 t" tilt'




Techniques for Obtaining DKP
from Drifter Trajectories
Till' li S Ilwl.1lllfl run Iw IIsc'll to culeulate velocity gradien ts, the 1101'1 centre
I'(~~il.io ll , audtln- null'C'\'lIlr.' t ranslation velocityfromthe motion of IIcluster
of dri fkrs. III thl' rlJlI(Jw ill~ S<'I'LiollS, t lw liS mct bcd will be applied to
11"1 ;1 ;,1ul will lu- "O ll1 JHl1'1,d with Okubo and Eblx-smeyer's ( IH7ti) clustur
1l1l'1. hull awl tlu' OK solution ohl.aitu'd ill Chapll'l' 2. First I'll' will analyst'
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li lt' Srulia n Sllt'lr.
5.1 A r tifici all y Generated D a t a
turk-s Sillllllilll' all ('del.\' with pun' rotatlun ,l1ul a I r" ll s l; ' l.i ll .~ 11 ,,\\' ,",'1111"'. ' IS
ill ",:hs"l' l iull (:1.:1)o f e llal'll 'l" :~, '1'1" , Okllh" '" l11 Elol,,·sll1<'.\"'1'(H ITli ). 0 1\
aud lIS I11dhocls ',n ' "Pl'li t'd I" uhlilin I.lII' !iilll'IIl;,I,j,· I'r" I', 'rl i...~ " f l itis .u
C::..·" II I1,l.a. Sul>seqlll'llt,ly tIn' llH'Uu"llIf Okul>o all,1 1';I,lwslll",I"l'r will 1",
l"I,r,'r n~1 i lS tilt' 'OE' 1lIl'1 hud, 'I'll rnlculnu- l in' kill"l1lill.i(' pilfilIlWl,'I's ;mol
the pllsitillll .m,l t ill' velocity or 1.1", Ilow 1"'1111"" usill~ l iS nu-th-ul. "111' I,as
to ra] r-ulilll' t ilt' Vl'lo"iti, -s 1111\1 tIll' ncn 'lNatiu lis uf "i,,'11 dr ift,'r ill il elus tr-r.
On llw other haml, utn- duo's nut 11\",,1 til ""1111'" 1.,- ,l!"I"t'I"l"illi "tlS wll<'tl IIs ill~
Lln-01 -: nuuhod (Okubo a mi E;hh' -SIllI'Y" I", IlJ7(i) I" " I.taillllll' Ill>:I' ill"I II...
monu velocity of tll,' r-luster , '1'111' DE IIW1.IIO,1,!!;iw,s illf"rrllill i,," ..I"", t l.11"
l"l'lllroitl vdndty/positioll m Lh,'J' Lhau U,t' [low ",,"1.n' \·"lo "; tY/l'lJsi1.i"Il , '1'1" ,
O E method is, t.lu-reforr-, fllll' l11 11ll'lll ally ,Iitrl' n'ul Froru1111 ' li S illld l l,.. 0 1\
\",·I''' ·;ly ,'" i,wi,I,· wlrh t Ill' dlls l"r n 'llll'<,i,l llUSiliull "11<1 \"' I,,, ·it)".
.rill ) 11'1' I + :!.!l r l/._(",·(I-:!)) (;i. I)
!id/ ) \ "1'1 + 2.!J .-1//(,.)(/-1)) (i'i.:!)
.i·~(/) l i1"1 + ;I.OclM(wl) (". :l)
!i~( I) \ :/" f + :1.O ..ill( wl) ('>", )
.;"'(1) / I,/, I + :\.1 (·"."(.....·(1 - 1)) (,;.,;)
!h(l) I ~r I + :1.1 ...; ,,(w( /- I)) (;,.G)
wlu-r.. ..., "" rii;. II-/' "" I ~I' "" Il.tll . TI II ~ l inw int ervul ln-twer-n two l'ullSI'( utivp
n ' ll I,,· S I" 'II ill liWII'" ."i .:!. In Iii,' OE method, one lias to clllnl lal" ll w ront rcid
pllsit.ion•. f ,. aml .II... T his position r1111 Ill' ohtuincdby using
1/,.(1 )
J ,(I) + ;'AlJ + :i:.l{t}
"




The veloc ity and accelerat ion of each drift er are numericall y ralculated as in
cha pt er 3.





/igure 5.1: Th e nume rically calculat ed DKP of pure rotation with trans lation
case using the HS and t he DE.
Figure 5.1 shows t he time series of calcula ted DKP for the simulat ed
traj ectories with pure rotation and translation. The diagram at the top
is obta ined by using the HS solutio ns a nd gives the correct values rot a ll
parameters, e.g. c = 2 w = 6.28 X 10-2• b = c =d = O. These are sl.cwn
by one line at 6.28 x 10- 2 and three overlapping lines merge into a single
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to figllw :~ , !J ) , It U H' il ll .S t lJil1 1,,,111 t ill' I1S and 01\ sll'T,'~srnlly uhtuiu ll11'
JlJ\ I' fru lll s im ul" t." r] II;,l.a .
TIlt' IUlu... ru di ilAri liU i ll li,l!;lln' !i.1 shows UI\I' ..hl.airll'd hy using L.1w
01': rrrl'l.lru'l. 1\11 1.111' IlI \! ' u, ii, 1' , .1oSI'illn tl' ubont t lll'il' true valm-. T hi s
osdllil ti oll is nttlu- fl"('IIIl"IIf",\" lrrol",l- ioll, Thl's"osdllatitJlls n-snlt f W 11I ti l"
so-rnlh-d Iliils illA problem Ilisl'llss,' .1 II}' Kirwan (l !lS8), TILl' biasing ran l it'
v i,'II'.,,1 iI,S " Il"I 'p,)' Ircnr t Ill' swirl Vl'1(wi ~y I'ontr ih nt illl'; to bot h 1,1ll' velocity
~rill li"llt s , i.c. till' Ill \P, mul lilt' tl"lJlsla lion w lu ri ty o[ till' flv w Ih'ld.
Til l' pos it ion o f tl r,' llow n-ntn- is -shtuim-d From lilt' liS lIwl.ho,l hy rrsiup;
(.I.:111) a nd (,1.:11), This positiuu is plo1.lI'11in ~P; ll1"'~ ,'j.~ , alung with t Ill' lIm'I'
si'lIlrl a l,I,,1 dl'i fl.,'r tracks, III 1I1i~ rliagram, till ' ,***. , Ilt,nol,£,s t Ire flow o-utre
I'"sili un a ll,1 LllI' ,!rifll'r's pusitions an' rep resented by lIm' " ,lil rl'n ' nt types
"f lines, i .e. dash , suiill, dut aml d ilsh linus. Using t he liS method , we I1 IHI
tha i, till' lluw routn- trauslutcs llurtht'llstwllrd ccuslsteut wit h values of (1'1'.
I-;/' IIsl'll t tl W'lll'ra lt' thr- trajct-torios. Thi s res ult is a lso obtained from t he
0 1"; nu-tbo.l 11Sshow n in Hgur« :l.l O. 111'1'1', we can 1101. compare the liS and
01 "; 11 l,tho ds with t Ill' O E silll'" t lu- la tter do l'S not solv e for rhc llow n' ll tl'l ~
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position .
pQsitio n:E d i r edion
Figure 5.2: Trajectories of three particles with pure rotation about a trans-
lat ing Bow centre. The Row centre t rajectory has been calculated using the
HSmeth od.
In t he case of tbe HS method, translation velocities of the above flow
centre ca n be calculated from (4.12) and (4.13). Also, having obtained the
OKP and the position of the flow cent re, we use (4.22) and (4.23) to calculate
the swirl velocity. The results of the HS method are given on a diagram at
the top of figure 5.3. In this diagram, we plot both t he t ranslation velocities
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d"llukd I,'y' IlT' iII,,1'VT' as wdl;,s ll .,'swid vducilit'lI, 'us' ,lIlt[ ' vs'. \Vt~ scr-
ti l'll lilt' lr illlsla t iull vd, ,,.iti, 's l"l'I'I't'st'IlL"d by two overlupplug lint's at 1.0 X
1 1l - ~ whh-h is t-xurf.lyUll' V;II I1 I' Ilsl·d ttl ,c;"U"l"illl·tll(' data. T Ilt'fO Il1 POll l' lIt ~ of
swirl V(')o,:ity an' shown hy two o.~l:i1l 'ltillP; lill"s at r,lwFn-qnem-y of rot at lou
aw l with un illllplil.lult, of !J.'I2 x 10- 1 which are ill ucronlan...• wit h tlu-
iliUpliLlldl' nnd ftt"IIII'lW y of tilt' oscillali ng func tions nar- d to gen erate th t,
da ta . T Ill'S,' resul ts art' LIll' saim- ,IStl ll~ 0 1\ analysis lIt'licr ihl'd carlier (refe r
"u Iig lln ~ :1.12). Agilill, wnr-an St'.' that both the liS and O K methods produce
till ' saun- result.
III (.]11' lower tli'lg ra lll, 1I00YI'Wl., W',' find IllIitt, dilrl'n~IlL results. It shews
1111 ' rlllsl,t'r ("'lllruil[ . . oclty IIt'IWkd hy 'U_BAR' am i ' V_BAlt 'r a]clllalt,d by
1.I1l' OE 11 11'1.110 '1. TII< ~ nlllillitudn 1I1Lti lhe frequ ency of oscillation an' almost
tIll' snuu- as fur lilt' swirl velocitlcs obt ained by the li S and 0 1< methods,
TI ll' uli ly dirrl't'I'l1fl' is l lmt lilt' components of cen Lruid velocity are ehiltod
upwnn l hy 1.0 x 10- 2. T his amount or shirt ing is equal to the treuaiario u
\"<·lu<"iL,\' of ltw HoII'1"I'lll n ',
77
~jli'=10L I
'''0 L _ ;:;-r;:stS1-5
time (eddy periods)
nM1\iv1
-"0 I 2 3 4 5
time (eddy periods)
Figure 5.3: The numerically calculated velocities for the pure rota tion with
trans lation case using the HS and the OE.
The results of the three different metho ds are summarized in t he columns
labelled 'OK', ' HS' , and ' DE' along with the 'T RUE' value in table 2. It is
clear that both the OK and HS met hods give the same result for all of t he
calculated parameters and they are in agreement with the true values used
to generate the simulat ion data. The DE solution shows the biasing problem
that has been elucidated by Kirwan (1988). We have put the centroid velocity
for the DE method in the rows showing swirl velocity for tile OK all: HS
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mothods . TIlt' l"l'lllrui,! v"lllri ly is t ill' S1I11I " f t il<' swirl n· ll...il.l· pillS t,ll<'
velocity of Iln- trallsllltin.L( flow rt-ntn-. \Y" hart' also 1l'sl,~ 1 1111' liS 1110'1.11< ,,1
l'aramotcrs TIWE 0[\ liS () ]o; -
fl ( xlO-') 0 (I II -1l.:t!11"U .:
li(x lO-' ) (I 0 (I -Il.:tr, 10 II.:
c (x 1O-~ 1 (i.2x (i.:!.-: (i,2H :i.!17 1u s.n
rl (x IO-') 0 0 (I - [}.:I,'; ("U.:
(IT ( x lO- ' ) 1.0 1.0 1.0
\11' (x 10- ' ) 1.0 1.11 1.11
lI, ( x lO-') -ll.'12 lu!lA2 ·(!.·12 tu !IA2 ·!!.,12 1,0 !lA2 -,s.·12 1.0 III.
I!, ( x IO- ' ) -HA 2 to !JA2 -!JA2 tu !J..l2 -!1.,12 I.o!J..I2 ·:-;',1210I tl.
--
'1'0111,>5,1: Kiucrnatic lJan 11ll' l.l 'rs l'llln l[" t"l ll,y t ill' t.11 1'l ~ ' ,li ll''' I"I'I1. Ilu·t,II,,,b
for ti ll' ClIS{' orpun>rotntlon wlt h tr i lll S],lt i ll l-\nuw ... ·n1.n·.
paruuu-tcrs used to gem-ruu- t it" l r" jl·('lurks. Th is moans t.hal, 1.01.1t 1.1 1<' 0 1\
i1.l1Il t [1I' li S arc ah l\~ to .b-tcrmiru-lIlI' How rid ,1prul"' lti ,'s I·orn ·d ,ly.
Sl1I1l1l1 iLrizilll;, W{ ' h,l\'\' Iouud tw" 111<'lhuds t h" l I'illl ""I"rl"'l ly ,·al... t1i ,l,·
l ilt"How In-ldprop,'rl il'S from drifter Ira jl'd " ri,',; fur 1,1t,· ,',ISI' of I" lt '" ,;ll"l '11"11 '
iug and rotat lou wit It l riltlslilt inp; lI"w rontn- l iliit hit\·,· only UIIl' 11 ,,\\' li.·I,[
singularity. T l1 t's(~ arc the O K or lilt' ll S !1I"t!llj' lN. T Ill' 01\ tlld h",1n-qui n-s
in t his rq:(ilfl l l.lw li S lIwthod h;IS all »dventegc over t ilt' 01\ nu-thod. T Ill"
liS llll' thlUl has l lll' ( l i.~a(l 'la ll t a p;l · , htlw~' vI~ r, in that it I"t'q uill's utero ,Irirl e rs
tlmn tln- 0 1\ Illl'l hIJd . \Vl ·.~tiJ! 1J(' ,r! to perfortn (1)(' more Lest to e-xauriur- tIll'
S('lIsitil/ jLy of till' li S llll'lh oll I,(] noise. This is u similer I,l's1.10 t ha t IIS,'lIin
5.2 The Effect of Noise on the HS m ethod
III lhis sectlou, t l ll ~ I'I rl' r ~t o r noise will bl~ (·vIlIUiIl!·d . TIll' noise A R(I.) has the
Sil1111' dl at;lC~t (' I ' isl il's(ll> t IIM usI',1in Cll1lpt rr :1, e.g. norm all y distr il.m ll,d no ise
with Illl'ilil (If zr-tu mill \'lLrill ll l'(' or 112. T Ill' noise is added to the t rajectories
.r l( l ) (fT (1- ) + 2.!J ('as (w(t - 2d» + 11/i'(I) (5.U)
,1; 1(1) 11.1' (I) + :U J .•in (w(t - 2d )) + , j R(l) (',.10)
.rAI) Ur (I) + :1.0 ('0.• (wl) + A R{l ) (5.11)
!h(l) 111, (I) + a.O»iu: (wI) + A U(I) (5.12)
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liT ( I) + :1.1 ('fL~ ( ..... ( /- ,j,)) + .,1 H(/)
1:" (1) + :tl.~;,,(...,{I - ..\ll+ AlfU )
l ,i . I:I)
(". 11)
where W = ifu, ..111(1 ) is t ilt"Gam'sian n..isc' with il T....t n...;1II SCI"ilre' allll,li
IudI;'A, alul <l is tIlt' tiuu - iurerva1 hdwl 't'n twu SlwfI'ssin' l'" inLs and it is
choseu to Ilf' H uni ts, We' s t ill uSI' lIw l,rulIs!atitJlI \"l'h,," i tie~ f ~"/" = \ :,. "" lUl l liS
IlI'fofl'. \Viti IHIlIlI ll' nuls.., till' Ill , I' an' I! "" f, "" ,f "" 0, ! ' "" '.!..J .:: Ii .:!:">; III- l .
Thn-e t rujectcrh-s will lot· ,I1;c"lt'ral,',llIsinp; t hc'SI'I'll !lll's r"r....ch/l;il ·,,11 u..is,'
to SIN rat ios of !'"~'l. , r.:J, :1.:1, rt·slwf"th·t·ly. 1I111'ill,!!; ,,1,tilin...1 Ihl,,'" lIui"'....
~onLillll i nalN:1 1 Tiljt'f" t..TiN;, th, 'II!'iIlwtlll"! wi1l1"'ll sc,,1L.,,,na lySl·l raj ,'t·L.,ric.,.
of t11ll.'t" partlelcs in it r1usll'1' fur 1",U"1llIuisc' I,·w l.
Elrl~ls rl thl' random nubil' uu LIlt' 1) )\1 ' an- shown ill li,i!;IIIl' '.... '1. '1'111"
!uwl'r diagram ShUWli tha t ir lilt' siJ!,;ua l is rt'!,ltiw ly sl l1ln..: .... 111 1..'1"1'11 1.< , till'
nniSf', (i.c. SIN of !'~IO) , WI' may st ill nht ilin 1>1, 1' whirh <In ' d'N' t .. Ill<'
values without uois.., i.I'. J1 ""o. TIlt' tnid,II" pllli ill lij!,lIn' :,.·1slum·s I' SIN
of !'):l ;u.d t ill' IIppC'T pluLs huws 11 SIN ur !i.:t As tlll ' n" is,· l,'v..! in!",..';,,,, '''' t l,,'
rnndcm variahility ,lumiIHlll'SLllI'1"II'·I.latc\,1 ilK I'. 1\ ,..·lal ivl·ly li llla ll ll l n Oll lll
of noise ill lhe »igunlhriul?;s about II lurgr- ,Hlluunl tlf lIuis,' ill ti ll' ' · ;ek ll l il l, ~1
"
1" \ 1'. FUfl'xillll fJll', wln-u 1I1!' sigrwl tv noiso ratio fur tlu- trajectory is 5;1
TiA = U,liL T lris is iL rill"Loro r 1 1ower rlmn l h· sig nal to unisr-ratio for OI\ P
t hat 1V"s "Itklll,d,"d "arli"r using LIlt'O K method.
T I ll ' Lrlljl'l'tury i lll li "i\kll l iltl'd posi LiullS o f tIll' flow <,clltn> an- show n in
lig lln' ;1,;), In t ilt' lower- dingrnm, \11(' St' . ' t hat for VI'I'y weak nolsr- t he posi tion
uf 1.11" flow .'.'n l , n~ is elliS" to tl H' posit ion without noise. WiLh it SIN of !).:l
(1IIlp.·1" l lia ll;l'lu ll ) or ;,:1 (1l1irld h, . Iiag ra rn) , t ho positions of the flow cent ...·
"Millhility ill thrrnh-nluu-d DI\ I'.
'1'111' A! 'IWl"ill. I·11.lil1.i,had SIN ratios of 5,:1, 5a, 5:10and the correspond -
ill,\!; .·ull1Ill HS i ll 'lul.lr- ri.:! gi\'I' I.llt' menu DKP and their sta ndard deviation.
T llt'st' \'"h lt',~ nn- ruleulau-d fo r a Lraj('clory comprising 106 " rifle r pos it ion s.
,ht'r<lgi IiA ovr-r lOCi illtl.'lwllll.An Lestimates is eulficicnt tc yield a useful es t i-
lila!.' of t; Forti lt' datu t hilt ha s n SIN of !J;I, however, it is not eno ugh whe n
SI N is :I.:l. W., SI'I' t lll1t ti ll' li S met hod is very sensiLive to nois e.
\Vt· liinl. , shown one cxemplo where tl 1l' lIS method is more sensitive to
l1"ist' tlum 1.11<' 01\ llll'thmi. T his is int l'resting since t he form er contains
only first-orderd"rlvlIth'('s when-as til(' latter met hod IIiIS lip t o third-order
.10 2 3
lime (eddyperiods)
Figure 5.4: The DKP calculated using the US method with SIN rat ios of 5.3
(top), 53 (middle) a.nd530 (bot to m).
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poIitloa ldltoaial
f igure 5.5: The particle's tr ajectory and calculated positions of the flow
centre using the AS method with SIN ratios of 5.3 (lop), 53 (middle) and
530 (bottom).
EM i ll/ tlfn l SI N /Til;"
Immm d r l'R ri,:1 ri :~ ;1:1Il
n x 111- ,l i ± iiO J.7 ± 1.1 t1,O± ll.1
II x 10-2 I:! ± HI 1.·1± l. !i n.n an.r
,: x IO-~ IS ± !'11 7..1± I.O (i.:l ± lt. l
d x 10- tJ ± Pi I , - I ±_[~-
Tubk- .1.2: A\ "ragl' values uf D/\;I', illlal yM·,1 'Isill).(t Ill' liS llI....ll1"l. "1.l,,i l1<" [
From noisy rlulu. T Ill' a\'"rap;inp; \\',1S ,1<>11" ,,\', ,1' I(J(; I'" inls. '1'111'si.l!,!Ial 1"
nuisl- rat io of t ill' raw data wns ;1.:1, ,'i:I. ;1:\0 fUI" till' tlm- .. (' il ~" S ....nsi.h-n-d.
Linu-tlt 'l"i \'i1 t i Vl'~ of \'pluri ly. '1'11111.IlI.iM· (,/,I." i ,I",1 [rom t i,,' hi,l1, I'I'r· ' >l', l.·I· li llll'
l inn I\',IS n' n ·nl.ly shown hy Kirwan .' f ,d.. ( [!I!Jn), [ l sin p, ~I" " ' lI ' ,, 1 a llaly~i ~ .
tlu-y Iound 1.1I1It ti ll' higllt'r-lll"dN t ~llll t l'i hll tioll of ti ll' n,n,lolll flub .. ..nl;II·p,..~
1\5 l l\l' order of t ill' derivatives in'TC"t.·WS, I II ~lIrl , 11 l ' i1s( " III<' Oi \; l!wtll", [
should sufler fro m noise mo t...• thau ti ll' li S nu-t hod. IItJ1\'c'\'I'r , 011 1'silllula t ioll
shows that till' opp osi!.,' situat ioll O'TIll"S, \ V.. at).(I1I' t llat 1I1f ' lIoi~, ' I'rul.l"1Il
eucouutercd ill the I-IS llwt hotl is c' il lls t' d by 1.11<' mat rix UI " ' l"iltiolLs illl,,'w lIl.ly
inv olved ill tilt' me t hod. Thl 'S" opernt.iuus an ' matrix illvl'rsioll an d matrix
mnltiplk-ation wit h its l r,lIlsl'us, ', 111 t lU' r"tlJWI' " l' t' !'a 1.iuli . iI slII,,1I 1'1' 1'1.111"
bat ion ill t Ill' l' ll'llWUts uf 1l mat rix 1II,'y ,';lIlSI' H larp;t· d fl"'L " " 11... invl'rl,·,1
ma trix (\V{'sllakl" l!Hit\; S1."war l., 1!l7:1). IIIuur , 'a St' , tlll ' I,,'rt: lrI,ali" l\ is ,Ill<'
l'"sit iull, This, in turn , will 1'1',)< 111<'" errors ill till' sohu.lou s i11n' t hat an-
I' rul'" r1.ioll,d to tIll' !In, ' tlliltioll uf Lln- .nnu-i x ,'IJl'flj,-i,'lIls (VOIi Ncuruuuu ;11 111
( ;" I, ls lo'i ll , 1!1·17; Wilkinsllll, J!)(i:J), As W,' s-an sc'(' from t ilt' aim\'(' simnla -
I,ions, ti ll' "stilllil!i,,!. uf i.hl' kiu,' 11l1Itil' parameters ppts poun-r liS [he !loisc'
Illatrix Ulid ,sldf"l.' Irum this phouutueuum is rnlk'dun ' i ll - c(J lll l i ~ i lll ll'd ' miltr ix
( fo'o r,s,vtlll' un.l ;\1,,),1',!lIHi; Ilillstull /lut! Hahinowitz, I!J78). The situation is
milll,' \\"ws,' wln-n\\,,'ltlultiply il ma trix with its transpuS\' sm"" this epr-ratlon
I'rud un's;1 more 'ill-"lInditiolll',I' mat rix [Tnussky, 1!l;iO).
1'll)'sk lllly w,' mip;hl think Hf th,' liS method lwing dcpcudeut upou both
spnt iitl IHlll Ijuu- tl"rivati\"l'li of tilt' IAlgrilllgiall vclcr-ity, wl1t'rt'a!-t lIw O K
tivt-s. Il. is, tlll'no[or,' , t.lu-sl'Htiid derivatives implici t ill t he ]-[S met hod t ha t
nlIlS,',[ lilt' lIS 1l1l'tll,JI[ tu 1>(' ,' \'('II moresensi tiv e to lloi,<;t, than the OK me tho d
in 1,111' vxumph- illlov,', 11", \"(,\'1,'1', if lilt' drift,' rs are initially separated by a
p;rt'ah'l' ,lis[MIl',·th"1l t lu- ])1\ 1' c"ICllliltl'l! using tIll' li S method are far I, ~"s
sl'l1silh'O' III lI<1is,> than lhus,' Frotu tit" 01\ me thod. T his result is shown ;11
,. i~ 1.1 ll' rill lill~ of tlu- 1'1111.\'. the- 1>1\ 1' lluctnau- n'la l in ' lo t .lu-ir 11"1<" \'ahll'~ "f
II = !I = d = n, /. =li ,:!Sx rn-v . A\ 'ITi'Ailll!:,,\"t'r l un 1)I ,ill l ~, 1\·(' " l' (.;Iin l h,'
\,., hw uf (i..'iO X tu- " and 0.11'1X tu-" f"l" l'I,rli<"ily andtlu- lltl ll'r 1", rilllll'l.l'''~ ,
n '~ l ll'c l ivcly . Thoset'~li I11il t ilJlI ~ an' nuu-b l'h'S('I' h, I..Ilt'lruv values thuu 1111 'S"
g iVl'll hy tlu- 01 \ Illt'l,hlltl fur IIII' sa llll' SIN n lli u " f :,,:1 (s,'1' li,il; lIl"t· :\.1:1ilud
la l,ll' :I ,:!), ( :It·" rly, t ill' mon- n ·liill,[,'( 's ti lllil1t·s of IIIl' 1l1\ ]' ",III I" , "hll1i n,·,1
lIy t hl' liS Illl'lllu ,II,,\' ('lIlilrAinA t ill' Sl'lli,rill io ll ,Jis la llr. , "lIll1n,!!; , lriflt' rs. [ II -
l·rt'ilSillP; till' S!'pilrat.illn , lis1.illlt'" n ,. luC'<o:; 1111' l' rn ' ,. Iha l i:; illl r(J,lun ·,I I'.1" t ]Il'
tw ist, 1.1, l ilt' ~ ]l., liil l \'I'lot·il.y AI'illlil'll l:<. Ill' 'l'' 'llsi ll,C; t Il<' sl'l'arali"lI 1>1'11\'1'(' 11
d rift l' rs ('all, II UI\ '('I '(, 1", illl"I'I'H ~I' I,11l' lik" lillu lI,1 u,..1 till' , liff", "t'1I1 ,l ri n,l' l's will
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Figure 5.6: The DKP calculated using the HS method with SIN ratios of
5.3. The drifters are separated in a larger distance than those generated
using before.
5 .3 Oceanic Data
In thi ~ section. we will present the analysis of drifter trajecto ries measured
on the Scotian Shelf. Three drifter t rajectories are used in the following
analysis. These t rajectories are presented in figure 5.7. The trajectories
consist of positions at IS-minute intervals spanning a total period of about
88
95 hours. The position is measured with a nominalaccuracy of ±20 1Il . Three
met hods or analysis will be performed i.e. the 01\ , HSand OE methods. The
results obt ained from each method will be compared.
Figure 5.7: The trajectories of three drifters deployed in the Scot ian Shelf.
As mentioned in the previous sections , both the OK and HS methods are
sensit ive to noise. To reduce the noise, we use a low-pass digital filter . A lOll>
order Butterworth filter was cboseu because of its flat frequency response.
This high order is needed to have a sharp slope at its cut -off frequency, the
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till' JilI.IT, wr- do SHill" I'X1JPfillt'nls tu llrir1.'·f Ii Ih·lI () l.l~ 1 I.)' ' ,ILIi' I.. rtxamlnu
l luo,l f'·l'lS"r.lilf'·I" ·lIl '·lIl-olfrn·'1'll·IWi"SlJll L1H' IJl\l'nlol.ili ll<'drrull1 l1ll' O I\
']' 111'I'XI,,'riIW'nl inv"I\'I'SSI'Vl'fill sl.,ps. \Vl' luw·pilsS lilu-r t ill' t rnjr-ctory.
WI' 111'1" lU"' unh-r Hutta-rworth Hlu-rwith iI cut- off frl'(lul·lI'·y of ~ rydt'sfhu llr.
' I'his filt"r is il\'lIili,I,I<, in ~ I AT LA U Sllhl'lllllilH'S. \Vl' itlso use a subroutine
, ·"II,~ I ' 1iIUilt' . First ly, th is subroutine filters llll' signa l, t hen, tIll' IUh'f('d
"" 1,1I11Sl ' .~ ~ Ii ft , ill th.' Hlu-rcd s i~ ll il l (Lit tle <111, 1 Shill', HlH:-I). W,· l'llk ulllt"
LIlt'wlul'i !)' nUlIwl'it'iLlIy nndfllu-r lhis velocity l ll(~ sunu- way. Those w )ud -
IiI'\< nrc sld,s,·qlll'llt.ly d i trt ' r" lI L i ah~ l lI lJnll' rkal1 y lIml fil 1(,1'I~ 1 and the-process
n'p"llll',1 until 11'.' huw lip lu third order derivntivc s or the- driftc'r velocity.
l!iI\' ill,C; ul.u, illp.11I1I 1,h,,,,,',It'ril'at i\','S, w,' lise l h,~ 01\ fonnulactc ol>t,llillllll'
kiru-matir- pnrann-tcrs. T ho's\' pro l'\,dllr('s iln' l)l'rftl rll1c ~1 will i 1'1Ifl1 uf 1I11'Sl'
."ut·"lf rn"llIt' lll'il'"~ ~ ,~ , ~ tun] ~ r)'I"I,'s,'lIo\ll'. SUlll' of lilt' results obtained
'Irh'1' liIkr in,l!; with thl'sl' di tft'f('nl ful-orf In-quencics 1I1't' shown ill ligun' (1.8
!JO
'ime(toolu'sl
Figure 5.8: The DKP calculated using tbe OK method with a 10'1> order
filter baving a cut-off frequency of l cycles/ hour.
Figure 5.8 sbcws tha t t he calculated DKP fluctuate wildly when the cut-
off frequency is ! c;ydes/hour. Here '. _ • -', '_ •._', '..... .', '-' denotes
stretching deforma tion rate, shearing deformation rate . vortici ty. divergence
respect ively. The order of magni tude takes the value of 10- 4 , SeUing the




Figure 5.9: Th e DKP calculated using the OK method with a lOlA order
filter baving a cut-off frequency of 1cyc1esfbour.
From the above ex pe riments , &0 appropria te cut-off frequency should be
used in order to increase the signal to noise ratio. We could use th.e cut-off
frequency at 1cycies/ houT, but this is a harmonic frequency of th e semi
diurnal tide t hat may contain some informat ion. 10 orde r to keep some of
this iuformat ion, we ChO OSll the cut-off frequency of i cycles/hou r for the
following work. Typical drifter speeds M": 0.10 mIs,so this cut -off frequency
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111. T hus ti ll' signal Iv IIl1is.. rali .. is !It).
T he Irr-qm-ne-y rt'SIMms<' ..f lilt' lOlAonh-r liln-r i:< :< h"\\' 11 ill Iieun- :u u.
1'111'hi:;hl'r-ortler 10w-l'lIi'1S Iilu-r- I...i n~ 11:<1..1 lII i~h L Ill ,,'., au d r,..'l . 11 1 tl.., hl-
ten-d Niglllll, canNing ringing Hl tlu- 1ll'l;illlling 11 1111 ill II", r-ml of 11 tilll" :<t'ri,'S
(11..ll,ig, p t' r ~on ll l ronuuuuication ]. To (')(iLllI i n(' I.his \\'1" ,101 1111' Jill.t'fI'" un.l
unflltcn ..1 pusitivI I " " !'SUS tinu- in figut!' a.ll . \VI' 1'11"' 11111 1.1111'til lp;illp' [,;' S ;111
l'lfl'£'l at t fn-"li d of th,' t inl<'S('ril'S uf both II... lillt't\ ..l l',,:<it iulls. 1I1'r,'. l ilt'
Ilnliltt'n'l.l pusitio ns al1' l'lu l t...lnsinp;tIll' s"l i. l lill''S iln,lt lw lill"1l..1I,u:<iti" lI:<
of 7 end !I an- shuwlI ill ' - - - .' , •..__• lill' 'S, ll'Sp...,ti\'d y, Nul, ' lIl;,1 111<'
' lilUilt' slll'Wllti lll' I'ruclllcc"S7.I'ru pll;lsc' sl.irt l...tw...·11 '1IIIih" Il..1;11I" "11' ·Il..1
lSir;u;ll hut fails to n..lun' t h., ringing l'l[ld . ,It. IlSt-e1 I,y 1111' hi.!!;l . ut\l" r lill,'r
thai is IIst'1-!. III l ilt' follnwhlp;work , tll"n'fon" w,' shulIl.1 n'p;;uII l ilt' I;,st III
IIOllNiof t he tillll' St,ti,'!I lu 1,,' spllriulls.
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Figure5.10: The frequency response of tbe lOU.order Jow-pass filter with a
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Figure 5.11: The ringing effect on the filtered positions as a result of per-
forming the 10"0 order low. pass with a cut-off frequency of t cycles/ho ur.
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5.3 .1 The OK met hod results
We now usc the OK method to analyse the drifter trajec tories. We follow
the above procedures i.e. numericaldifferentiation and low-pass filte ring after
each time differentiation. We use the l Olh order low-pass filter with cut-off
frequency of! cycles/hour. We do the analysis on all three drifters in ord er
to calculate the kinematic para meters, i.e. the DKP, t ranslation and swirl
velocities as well as the flow centre's position.
_._._11
Figure 5.12: The DKP resulti ng from the OK analysis on the t ra jectory of
'dr.s'.
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Figllr<'!'I.12 ~htlWll tilt' ra lr lllalt· ,I I)I"!' [nun · ,It.!;". '1'1... 1..' ta ll ll" l ,~ shuw
till' SJllI(, tn' mlllaS ;lI liJ!:II Il' :"U~ alllllla\".· "n un l,'r IIr IIIil~ni l ... I,· "r I ll - t .~ - I .
T il•.,.., \'"IIII'S lir- with in t il<'Til ".!!." ..r lit",." I11,,\ 1.,,,11""'11 n'l'urk .l l.y I'w\'i" lIs
il1\·,'Stigalors (o r 1111' .m l,·t .. r m-' I.. llI-t ) { ( ~III" I\' ,111< 1 U.'rl ,p r i'llI , 1!17I; H" ..I.
1971; Molinilri 1\1lI1 Kirwan, lUi :"', ; Kirwan, 1!17.'i; 1'<I"",,i , n l:\.'", ), N..t,· rh.rt
the \'ut ti r; ly talWlI l ilt' 100 rF;I'Sl a hsu lult, v...lno. Il 1I1,',II1N tl...1 t ilt' llI"l illll is
dominated by a rut; ' iUR rl'a lllll·. Fllrth.·r. WI' 11..1;...• t h,,\ .. n".e;;ll i\'" I',,!I..,
or vortir il)' ill It.>lNOria l.'t 1 with illl l i'")T lulli ., IJr d ll. ·klvil«· ru l" ti ,," ;.s 0",11I I..,
shown Irom tho u rirtl'r t ra jl't"lo ry in ~~llr<' !i.1:1,
Till"position ur tl ll' lIo\\' f'('nl rl· , II·IIIJ1I't I I,y . ... ~ • • is "1,t l,..1;11,. IIIl;with u..·
ru rrf'lipu11tlin,; t raj .· rtory in Hgun- ri.l :t Fli t Illu sl ur llll' t;n.... II,,· nl/w "" nl n-
1l1OVI'S with thellrirlN RIlII is wit hin I km urtl", rlrirl, 'l'. II .,lstl shtlws lI lHl ll w
flow crlll re p(~r rU r lll ll m ostl y a translat ion '"111 [i-w SHlill! 1l1ll1,lillllll' l"ol'illA
motions. The drifter, uu-anwhi]c, makes biAA.... luupiu,!!, 1l1" t.i" IIS nlt", .t. lilt '
llo w rcntrc. Note t hut llI'lIt 1111' ('1ll1 uf t ill' Ilrirlt' t 'Nt n.jl ·l·tury, l ilt' ti n~i u ,!!,
IJ7
effect ca used by the use of the high order filter mentioned leads to a spurious
taunter-clockwi se loop. This counter-clockwise is spurious as can be seen by
comparing figure 5.13 wilh figure 5.7.
I.'
~... ......-~ ..- .............-:::
.1.'
pos. C&lrwarddir. lIl
Figure 5.13: The particle 's trajectory and flow centre resulting from th e OK
analysis on the t rajectory of'dr.6' .
The tra nslation velocity of the flow centre of 'd r.5' is shown in figure 5.14.
The long time-scale trends in UT and VT are consistent with the tra jectory
of the flow centre plotted in figure 5.13. Both components of the flow cent re
trans lat ion velocity show strong fluctua tions with a period of about 6.1 hours.
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This is approximately half the semi-diurnal period of the tide.
_ lIT
·_·VT
Figure 5.14: The translatio u velocities result ing from the OK analysis on lIH~
trajectory of 'dr .6',
Tbe motion of the drifter relati ve to the flowcentre is described by the
swirl velocity. Components of swirl velocity are plaited in figur(" S.IS as
a funct ion of time. Figure 5.15 shows a periodic motion with the period
between peaks of about 12.5 hours. It is the semi-diurnal tide. We also
see that the amplitude of the velocities are lint uniform. We try to further
investigate tbis nnn-uniformity in the velocitiesby presenting the position of
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t he drirter relative to its flow centre.
Figur e 5.15: Tbe swirl velocities result ing Ircm t be OK ADa.lysis 0 0 the t re-
jec to ry or 'dr.G'.
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Figu re 5.16: The position of the drifte r relative to the flow centre resultin g
from t he OK an alysis on the tr ajecto ry of 'dr.6'.
F igure 5.16 shows the time series of the dri fte r position relat ive to the
flow centre. T he eastward position is denoted by ' X' and the northwar d
direction by 'Y ' , lt resembles t he swirl velocities (figure 5.15). The distance
from the drifte r to th e flow centre is .jX 2 +Y 2. Thus we obtain a lime
series of this d istance to compe re with t he time series of vorticity plott ed
in figure 5.12. Fluct uations of ..;X2 + Y2 about the mean value are the n
correlated with fluctuations of vorticity about its mean value. We get a
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"f(llis-" orn·latilll] "m'lIid"ll l of -ll.il-l. Si m ilarly WI' ra n r-alrulau- the sp".·,j
"f l llf' drw' .·r llsiu!!;~ and com-Inu- it wi th vort.icity ami obtai n a
n ",ni"i " lIl of -lJ,Hii. TIi.' sl' "u!'f fir il'nLs t d l us t hat bull! t ill! d b ta ul'l' ilud
IIwalis t llat. ,IS ti ll' n'illt iw disl,llun! uf till' drift er tu its c.·lIl!"{' de.... rt';IS(·~,
uf nl/l M'fWlliuJI of iUl!!;lJlar IljIJlll'utum, T IJI' dos"r th.· drift l']" to its flow
""lIin' , tilC'~rl'a l l ' l' its iln.l;llh,r fl'l"I'JI'lIl·y. Th is kind of argument was 1J~" d to
(Kirwuu, l!lH'I; l\:i1'wall II 11/., I!JiH). \V .· f all also thin k of another way
of illll'rl'n 'Lillp; l.Ill' result in "·rllls of potential vorLkiLy CJ = (f +ellII .
Ih 'rl' , J is lin ' p lalll't••ry vort.ir-it.y mill is il SSl111 NI to Ill' ccns taru along tlJt-'
.lriflo'r's path. ,~ is tln- lu' ·111 wrtidly and H i ~ the water column. St retching
,111.1!<hrillkillp;o f t ill' \\'11 1.1 '1'1'11111111 11 filii br- associa ted wit h it con vergent and
,lil"l'rp;" l1t l1\ot.iu ltS, rt'Sl' f" 'Uvl' ly ( Sf~' Gill, 1!l82 p. tI 2-2:J:J). III lilt' forme r
' ·ilS, ' . 1lS tll1' ,lrifh' r 11111\', ,1' dos.' to ti ll' n'I1Lw , it rotat, 's Iastcr . Slt l'lchin g
IIIl' wat er rulUI1111 (iIlH I'asiull; II) l';tUsps t: tu inn.'asl' is rmnp cnsa tcd by
,!!; i1i ll i ll~ pu~ i l.i \·l' \'II1'til'ity (incn 'i1s....l eyclonh- mot.ion] in order to rcnserv e
11l1'putt 'ut.i'll vurth-ity. 011 till' ut.ll1·r ha nd, as l1w IlrHt"'f moves away fro m
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t ill' rcn rn- ( t'urf(':< I )u ll dill~ tCI ,1in ' rjl;c'llC 'I')I IIt'1i r- ~I 'l ~ sl1lillh' r iln,ll ll!' ,Irih,'l"
rulal,I's SIUI\'I'ta l'u lllul t h" I1ml' ,''' nt rc'.
Sim il;ll' result s ;ll'C' fOH llcl fllr l ilt' " l ln'r t.wo clrifll'l"s 01 "11010',[ 1,,\ · elr. I' allll
',11".1'. Tl lf'ir 111\ 1' ha"" lI l<'sulIw " rc!"r " f ll l'Ijl;ll il llrl,'"f 1(1"--',. - 1 " "n '!,1 rill
inl"rp oIHlt ',1pusil1cJ1ls ht'COIlIsc' o f ins t runn-ut ["ihll"'S, TllI'st, l ril jt ~ 'I " r i, 'S :,!s..
sho w lh ill, OIl '!!;lllar monu-ut umnhout 1111 ' ttow n '1I1.... ;HI,I pllll '1I1ial \ ' " r l i "i l ~
pnrumete rs clttuiucd Irum 11l'il!:l ,lllJ11 tillJ!; c l ri rl c'r,~, '1'1lt' rou'Tt' la li"u ,-,,,'llic'i"lll s
ohtai nl', 1 II}' " t' I,~S COrtl'I,,1i ll!!:l>araml'I,'rs 1"<'1,,11',110 , lriCtI' r I 11 11, 1.h-ifn-r ~ ill"< '
put unde-r I ' ('\>111 11111 l , d lt ' lI , ~ 1 '/Jr.1 /lilli/Jr .:!' , Mill s; mil;nl.\· f" r I I" , c·" llIlIIlIs
labelled 'til'. I /IIIt! //r.b" aud ' dl",':1 (//ld /[,.,1{ . TIll' k-It ,'"lImltl is 1' ''' '\'i ,I , ~ 1 r'lt"
the parameters. Note l hat tilt ' position of t il(' IIUlI' n'uln' is rll'lI" I,·,1:,s 'S ,/ '
and ' }~l" . As run 1)(' St~'ll Front tlu- 1,1lb l, ~ th a t 1,1](' ilK I' ul '/ 1". 1 1tI'l' l lll , ·" rrd ..tt ',1
SlIAAI'Sts th at both .11',1 a llCI lll".ti may h" l'C's]>lIl1 r1iIlA 1,,, 1,111'sa nu- s iIlAlIl:'r il,,\'
ill the now field, Wlwtl'i\.'1 ([, '.1 Il[JJH"U'S to III' rl'SI' ''lId i ll ~ I" it ,lilfpl'l'lll lI"w
Held singularity. Fig lln~.'i.7 shows tIn' WI;t tiVI' positicJlIs " f I,llt' I,lln ', ' drifl.c·I'S.
I ll:\
K ill r lll ilfir COIn /alil'lll rQcffi cifll!.<' bdlOC:CII
p(lnwld "l ·.~ ,/,'.1 nud dl·.2 d".l tlIHldr .r; dr.!land dr.6
"
O.I!) 0.1 2 0.63
I. OJJ!i -o.nr O.M
,. n.rs 0 .1 7 0,9 6
"
o.re 0 .06 n,m
til ' O.:JS O.:W 0.'14
h' O.[ fl 0.17 0. 19
". 0.'16 OJi 4 0.6-1
".
0.:11 0 .:19 0,47
."I.,. lUN 0.97 0.97
\'1' OA9 0.6,1 0.76
'1';,1,[,· .'i.a: ( ~ J rrl ' lilti \!lI nll' llirj"1l 1~ o f thekinelll1ltk pa ranu-tcrs between lmir.;
of dr i fll '[' ~ In un t i ll' 0[ , analysls
1.llI'm. III a 1I11 irl flow whir-It has siugularlth-s of 11i!rcr e nl scales embedde d 0111'
wit hin t lli' other, it is Hut simple to I.>( [lmt~ p roximit y with similarit y ill now
xt.nu-tnn-. AnuUwril1 l('rl ·s 1. i n~ find ing is thut. th«1'1l.St-\I'I'sl component of ~hc
swirl l'I,I"c jth's p;iws a higher correlation coc fflcicut t h~ll t ha t or the north-
sOll t h I'Um pVIlI'nl.. A similar n-sult is obtalnod for t he transla tion vclorlties.
lt sn-ms t.heshumlnrityis tuorerolu-rontIn itscast-wcst roruponent thanin
t hl' nurt h-soulh compouout of moti on.
TIlt' tra jl'rlllrit-s uf tl u- How t'l 'lI t. l'(~ are presented in flguro5,17. Hew
' { I )' , ' (2)" , '(Ii)' l'oHl 'SlIvnd s to ilow l'I' lil re'of dri rl(~rs dl',[, dr ,2, rll',6, respcc-
'0'
tively, WCM"t.-t11i111'.wh liti rh' r !\l~'1IlS to hiln '" ,!i lrl'l'l'lIt nU\l' ""lItll'llI",il iUII,
typ ical1ywparal('t1 a l"1II1 '1 ki ll . 111" Ill'\\' Il'l!l r.' \"",iti' >l1 fur .Irin,,. I ",,, 'IIlS
1.0 llllcLllatl' ill a. l1uii'!)' mauur-r, Th ii'! m ay aCt'Ulllll rur 1I1· 1" I. r m rro-l,ll itlll
between drift e r 1and other Ilr i rlt·l'!I. It is <:k·a.r rrolll ll... I' rl-:;l '1l1 IlIIalysis th lll
lhest" .1rifl.t'rt r a cks a re nul slr o ll,h' do mh laLt'l1 hy a sill,!!; I,· n. llt'ft ·ulll ",\' li. ·I,1
sillgl i la rity.
Fro m L h,~ above d is cussions , wc~ how l' prl·s'·nl.l·,I 1.h,' Oil: nm,lysis "II ;' pnr
licllla r lrajp<~ t()ry l'lllh...hled OIl till' ~kot. i a ll SluM. 'I'll.· m'lIlt.. ...·\1·1,1 ""1111'
rang.' obtained by p re v1ul1Sill Vl'sligator,; , 0 111' <If till' I'a rallwl. ' r". ll1l' vor -
licity , shows l hilt lh~ trajt'Ctury will1M'domln.. t' '11 hy oulli·ry d ,,"ir mill-ill"
whic h is in ng ne mcut with r-esual u},st'rYolliuli or 1111' , Ia~ \V,· also, fiu.l
a res ult that agn 't' with ronscrvatiuu uf i1111;UI i'l r m"rn "lIl UIII sh"",l1 I.)' till'
Jr ift ers. The motio n or th.' p.1.rlid ,· itl>lIltl ti l" flu", ... ·lIll'l· IliL" .. ,f"lllill "lll
peri o d or 12 ..5 hOllrll wll,'I"'·a.. ti ll' merion uf t ilt' lI"w c~"' ILIl' hm. n li.1 Im llT
period. We h a ve also shown thal l~v" 11 lhuugll 1',11'1,l raj, , 'tury hilS its "\\' 11
~i llg ll l a ri Ly 01' 110\\' centre, l l ll ~ killl' nHll i,~ Jllrill lw L"rs u f t.I\'U o r 111l' ,lrift l'l'S
!I r~ somewha t rdnlt~l l. Tht'fl' a rt!silllil a ritil'S lU' twl ~'lI t. h,~ trl,jl" '1."ri,'Sof Ill"












-1.8 -1.6 -1.4 -1.2
pos. eastward die. m
· 1 -<l.B
xl04
Figure 5.17; The positions of the three flow centres resulting from the OK
analysis on th.. trajectory of 'dr.l ' , 'dr.2', 'dr.6'.
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1rajl '1'luri('l' do not all rI':'llll Irum a ....I11I11 I1'n 11,,1\" Ii"],l "i"~ 1I 1Mi l y. " ... ,·x·
1" '1"1, tlu-rcfore-, Ilmt tlu- liS ;,nal) '"i" IIr thj" ,1;11.. \\' i11 bn-ak ,1,,\\"11 "ill...·l lu 'Tl·
iii 1101 OIlC ' lIl illlllJ i~lltJl\" sin,; ul;, ri1)' rmumuu III ..lIlllrn· , lt irlt T:'l"
5.3 .2 The H S m ethod r esults
III this st'f lillll, WI' will IlSl' t ill' liS Ilwl,l.\ld Iu Hlmly,," Ilu' dt in , 'r 1I1l'i1SlI W
11 1'1l s on lIu' Sn ,l.i;\11 Shl'l r, T his 111 l'l.h OlI i ,~ ;dsu ';"lIsi ti l'P III lI"i sl'. ' I~ ,
n'muI""llll' uoise , \I'('II Sl'lI IU\\"IHtsS lilu-r which lias tIU· lilll111·dli'l"i"'I" ti,,li,"s
Ircqucne-y or ~ q 'dNl / hu lIr . T Ilt' liS 1111'11111,1alSt, " Xl'lk ill )' i1~"lm l' ''' tI.al ;,11
tlrirt..-rs i ll the cluster .tn· moving in n'SI "IIlSll' to tIll' ""Ill" f1"w "") lt n ', I,j.t
tIll' 1't1'SC' ut ,lata SIl't t l.is aSlilllllp t illn is IIlrj lll'lili. ..I. It is 111l'n ·r"n- .. r inl , ·n .,.t
I" SIl-c• wlll't llt' t o r nut t ill' li S IIwiliUll IIn 'i1ks .l u \\"11 Iu t a ll )' , ur j ust ,;i\"'S ;.
{Iatll , ill the Slllll(' rl.slliult i,l' w" dill rUt till' 0 1\ Mralysil'.
Figlll"l' i'dM ami np;U tt1.'i. III SI IIlW 1111' {'ale-1l11,h'd 11I":1', TI ll' st n 'Ld ,iul!; I,ud
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_, _.. .• , ..... ' , '_' respectively. All pa rameters have large amplitude
swings. Bear in mind t hat ~..e have used the same lo...-pus filtering to smoot h
the data as was used in t he OK method.
--
Figure 5.18: The stretching and shearing deformati on ra te calcula ted using























Figure 5.19: The vorticity and d i\-ergence calculated using the AS analysis
on the three drifters.
T he position of the Bow cent re calculated using the AS method is plot ted
in figure 5.20 along with the t rajec tories of the th ree d rifters. In this plot, the
. . .. .. denotes the flow centre posit ion and the '(1)', '(2)' I ' (3)' corresponds to
the t rajectory of each particle. We see th at t he flow centre posit ion fluctua tes
greatly from one time interval to the next. It is dear that the liS method






Figure 5.20: T he particles' tra jectorie s and llow cent re posit ion resulti ng
from the HS a nalysis.
Thi s pro bably resul ts from t he lack of a well-defined singula rity in the
flow field to control the mot ion o f all t hree drifte rs. The tide dominates the
flow on Sable Island bank and the tidal currents generally have large spatial
scales compared to the separat ions between dr.l, dr.2 and dr.5. In view of this
sit uat ion, we can think of an oscillat~ng sheet of fluid. A drifter embedded in
a fluid that is oscillating as a sheet will move around in an elliptic path . There
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is 110now field singula rity_ Wt' 1I\"t' a ~ki 11 p; lht' li S 111('111<111 10 n-ll us wllO'n '
tlw Howrcnt n- is und what its prop t'rlil's an' , lIul. Own' is II" \\", ·11 dl'lill, 'd
Ilow "I' lIl rt' , so til(' US uuu hod n'sllllllOb by p;i\' ill~ r;,Ji"III,ms n'slll!s , T Ill'
OJ, llldhot l,tllltlll'utht'r halll l,l1;iv,·s ]) !\ I"·Ilns iskn1. with 11Wl.lolllll'U1111t1 H
vor tex, Iwea 11sl' lt is 11l1,lhlt, ttl disnil1l inah' 1I('tw""11mo tion uruuud :0 \"l'rll 'x
and lin oscillatin g sht",l, \Vt~ will im'tos1.ip;lI l.t' thlx issur- lan-r Oil . For t lu- l illl<'
twi ng, W I' will " St' tIlt' O E md!lm! to ;maly ,,,' tilt' ,lata set,
5 .3 .3 The DE m ethod r esu lts
This part of the- SI'l' tioll will p1"l'St'111. tlu- l"I's11l1.s oh tnim-d 11si11P: till' OE
I1l1'1hot1. \Ve also low-pass 1iI1!'r IIw posit iulI .~ au.l vt'l"dti,'s "f ";1<"1:d rifkr.
Noll' thut, the OE 1111'1hod 11t)( ..~ not require t l l l ~ t'lIklll;l1,ioli nf ;ll't't'l"ralioll
t ..nus. However, we need to rcmputc tIll' n'lIlrui,1 posiliull or ti l<'rl nsl.I'r,
Figurl' !'i.21shu\\'li ti n' U1\1' olot ai lll',l llsitll!:till' O E 111('1.1I"rI. TIll' pa r;'1Ilt'-
tNS havea 1llilg ll illldl~ of un lN 1O-~s- l , Wt' s,', ' t!l i~1. t.1ll'11I\1' an ' (J~",i ll ll1.i ' lp:
about zero. T his miglll 1I0t IJt~ truo. [...t us take ;l louk at tl u- vtJrl;,' it.y, WI'
no tice t1lilt in SOl1W tinu- in l ,'rvals , its v1I11w 1"'('(HllI'sposi 1.ivt~. '['Itis HII'<t lJS




Figure 5.21: The DKP resulting from the QE analysis on the cluster of
drifter•.
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is not realistic sinee the tra jectory always rotates in a clockwise direc tion,
anti-cyclonic. Similarly, the other DKP are probably unreabstk as discussed
by Kirwan (1984).
_ U·BAR
Figure 5.22: The centroid velocities result ing from the DE analys is on the
cluster of drift en .
Both eastward and northward components of the centroid velocity oscil-
late with a period of 12.5 hours in figure 5.22. Th is means that the cent roid
is influenced by a semi-diu rna l tide. We see th at the centroid velocity in
figure 5.22 is st rongly correlated to the swirl velocity obtained from the OK
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illhllys is in figllft' ;1.1;1. T his is C'lmsis ll' lIt wit h our "a rl i('I' intorprotntion that
must of till' [low IllUVl'S d lipl.intll y a..~ it spat ially ('uhl'n'll l slweL.
5.3..4 Data sim ula t ion u sin g DKP obta in ed fro m t he
OK
WI' have P I'(~I'IItc'd tllP results uf I,hft'l ' metho ds i.e. the OK, liS ami 0 8.
From ti ll' analysis, lilt' TI'slIlls obt ained by usingthe HS method give 110 useful
iufonuntiou ,,!toul the k i l1c~ lJlittir. parumetcrs. Th us, we ca n not prope rly
ch'Scri lw till' How fi(·ld. WI' Slls lll'd lh at the failure is caus ed by the ubsence
of well-definedsin,l!;lIlaritit·swhirh Ill'!' comruonto all drifters. Wl~ will perf0 1'111
il1lullll' r simulnt.ioniuwhirh ti ll' drifters share the samesingularities . \V" la kl'
j.lu- IlKP and t ho flow cent re's positio n f" <t.k ulaled from dr.6 using the 01<
1tll'l.hutl. Th(·.~1" [j[\P arc t lu-n used to r ulculat e t rajectories for three dri rt(~ n;
hy l<llhsti t nt inp; tlll 'Ill into a forward (li lr(~rellci ng Iormuiae for the first t ime
s(,l'p
.,,(1+ " ) ; ,(I) + 0.5"[(<«1 ) + " (1))(.,,(1) - XT(t))1
+0-"'(1'(1) - c(I ))(Y,(I ) - Yrl t))j + UT(<)l> (5.15)
,i;(! + " ) ,i;(!) + 0-'''[(1)(<)H{I))(i,(I) - XTlt))1
11<1
; '(' +d) = J, (, - d ) +d [(,,(' ) +"I 'II(J,( ' ) - .\T('"1
+.6.I(fJ(/) - fit )){.Ij;{I) - \ ; '(1))) +211'rl / )..l (fl. 17)
,;.(I +d) ,j;(I - d) + ~1lI'11J + ,V»)(·' ,(!)- .\, iI»
+A[(d(l) - t,(/ ))(!j;{f) - ",,(Ill!+ :.H ':,.(f)~. (.'i. IX)
inter val bchl{t't' Il I)OSil iUlIN. The UI\I ' ,'(I) .b{i l ,t il )" /(I) . l riltl s l;ll i"1l \·,·I, ...i1S
liT. liT, flow ....1I1n· IlOl'itiuu ST . )'T arl ' all fUIIl'LiulI!i ur rlnu- .!l'lc·rmin,..1
from the OK analysis of ,/r,li. iJliti ally, \\~. \"r...te-1I11t sill1l1!illl..1 ,lrih, 'rs OIL
each come r of an l'tluilate-ral iri an,!!;!. ' \",i th Ull' s i ll~II IMity ilt it...·.·lIl t '·. '1'1111"
we expec t that ti ll' O E llwl hod »houkl wmk [ut this .I;,la. '1'111' »imnl..I...1








Figure 5.23: The simulated trajecto ries calculated Crom the kinematic pa-
rameters of'dr.6',
The positions of the three simulated drifters are shown in figure 5.23.
The three driften are represented by different lines, i.e. '-'. '.•••' an d
' '. Having generated the t rajectories, we proceed furth er by calcula ting
successive time derivat ives of the tra jectories and performing low-pass filter-
jog after each different iation. Then, we apply the OK, HS and OE methods




Figure 5.24: The DKP resulting from the OK analysis on the simulated
t rajectory.
Figure 5.24 shows the DKP calculated by applying the OK method to the
simulated data. Here, we chooseone of the trajectories plotted in figure 5.13.
The DKP used to generate the simulated dat a are plotted in figure 5.12. The
DKP in figure 5.24 are very similar to those in figure 5.13, but they are not
identical. The DKP obtained from the simulated da ta by applying the US
method are shown in figure 5.25. The details of these time series in figures
5.23 and 5.24 are different, but both methods do give st rongly correlated
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results .
Figure 5.25: The OKP result ing from the liS analysison the three simulated
t rajectories.
The results shown in figure 5.26 are obta ined from the OE method. They
most strongly resemble the OKP, plotted in figure 5.12, which were used to
to generate the data . This means that the OE method provides us with a
belter estimation of the kinematic parameters of the simulated data than
those of the OK and HS methods. This is not surprising that the OE gives




Figure 5.26: The DKP resultin g from the OE a nalysis on the thr ee simu lated
traject ories.
the resul ts show no biasing problem. If , however , we move the centroid away
from tbe flow cent re, the n the DE method gives very poo r results. Now, we
willpresen t the resul ts or performing a cross-correla tion analysis between the
DKP used to generate the tr ajectory and the OKP obta ined from each of
the th ree metho ds.
Table 5.4 shows the correlat ion coefficients obta ined by cross-correla ting
tbe OKP used to simulate t rajectories (symbolized as 'SIM' ) to the DK?
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,. OJJH O.!JS 0.99G
,I lI .i! 1 OJi:1 0.85
'1:,1,1" !'iA: ( ;" rrl'1lll iOlI l'odl icil'lIls or n il' killPllliltic IHIt1Ulwl"r:< betwee-nshu-
IIlill,('11 vnlnes and HlI' vulnos ('akulatel l Ircm 1I 1t~ thrc« methods: 0 1<, HS,
OK
ca!cu l"l,· d fmm "Ildl motbcd. St rongest correlations are obtained between
till' simu la t.ion ])1';1' a nd thos e Irum th e 0':: m etho d. T he othe r two columns
,,1.la ill<',1 by mrrpllll ing Ll1l' simulutlon D]\P with from 01\ and HS uualysis
giVl' Il>w,'r e<lrr,,[a1.i" l1 fopllieit' llts. Desplt« its higher orde r derivntjves, t ln-
])1\1' ohl.allwd nsill,l!; til(' 0 1\ l11l'thod arc more closely correlnted to t he shu-
IIlal iun Ill \ I' thun tho D]\ P oblai upd using th e I-IS method. However, the
liS Il11'Lh od still giVl'l< quite 11 good ,'st imate of lilt' DI<P. Clearly, the HS
1lll'1,11l1l1 n Ul prul'id l' useful information ahou t D1<P if the drif ter clus ter ls
m"\'l'd hy " Il l~' <1111 ' wl' ll lh'l il ll'd 11011' cen t re, TIll' fad t ha t il brea ks down so
hadly whe-n this r-on.dit.ion is nul sat isflcd, suggests l ha t il might b« a good
intlica1.ur for til(' existcuco or well defined now field Hingularilics.
In r ir('l ll1l~ l. ;lnn·~ when- I.1ICW is no IV,'~ defined flow cent re (such as th e
I:W
Sable Island bank] t he 01';: 1111'1,11", 1 ~i\'c's plallsihl<' 1)[';:1' unrl also .c;ir ,'s i'
solut ion fill' ll w noll' rcntn- positiou. Hnl, tit.' 01';: 111<'111,,,1 in,lical ,'" l hill a
ndghhullrillg drl ltvr lllip;ht I!:iw a ,lilr.'rl'llt lluw 1'( 'II(.rt' I'"sil.illll ill sUril a th,w
field. The 0 1\ method is .'Ssl'lItially nnahle to ns,' \lilly om' l.rilj , ','I,,,r.l' 1"
resolve t he diflcreuco hel,\\"'t'l1 a flow li,'l,l that l"lIt.al,,'s i1 1 11 11l ~ a sl,i,ti.,uar,1"
point au,l it now field which 1110\"'" ,IS u slll'l'I, SU 111al all poiIlls Oil 1.11l' slH'd
lwl'" Lite snllW (llllt , Iisp lill'"d ) fi n' 1I1ar lraj.,.' tori , ,,,, 'I'll rt's"lv, ' t ilt's,' ,';,S,'S lilt,
0 1\ llletho d l'\"lliin's twu rlriftvrs. III view or t.IWil1l1l,i,l!;lli l ,\' atn] illi,,','nr il<"y
inln-n-ut ill all tln- metho ds ol Ilhlni ninl!: DI\ I' From .lriftor l,rajl','I" I"il's, jl. is
prll dl'u l to cOllsid.· r all l l'd llli'IIl"S m'"ilal.l,' sinn' Lll<')' <It"!' iill lik,{~' 1.(11,;[1'"
thdr own particular st rt-'lIgths a nd w,·ak ll"s.~.':l. F'''l' ,'x ;llI1 pll~ HI\I ' llli,C;llll".
much hotter obtained from t Ill' liS method thnn lilt' 01\ nu-thud if dr ift" 1
traj ector ies art> di:driblltt:tl at t.lll' "'fal,' o f i' r!"II,i nall1. l'<l,ly and !.Ill' tinn-
s,~ ril's or posit ions is sho-L. 111 th is ";,S.' 1111' liS 1111'1 hud i", I"ss arfl'r Ll',J 11)'




OUI' prulol"m has lH't'll to find ways or Inverting a.drifte r trajectory to lind
killl'llllllk pru]I"r li" s cf thr- llow field. In parti cular we search for str uctures
in t ill' [lew lit'ld t h' l!' ruu 1)('identified as singula-lrics. Two approaches have
I)("{'II . levcloped. First Wt - hlLVI~ corrected algebraic errors made by Kirwan
d ot., ( l!JI'I') Wlu'll tlu-y inverted Okubo's (1970 ) solution for the m otion
lIf 11 tll"in,l-r lw a f 11 llcw ficlcl siugulurity, N t'Xl WI' gr-nvrnlizcd lilt' regr('SsiUll
t, 'dmi,!uc' tlf O ku bo and Eblws1H(~YI' r ( [!li 6) so t ha t tIll' flow cent re was 110
1011,1:;'-1'1i;.:I',1 to the- elrin,l'r duskr ccutnnd.
Dill' liu]ut iollli ' 1.~ mauift's1.r'd ill tln- 0 1< method , have bo-n tested in two
ways. Fir s!., by liuhsti lu l,ill,l!; t11('solutions intu till' uonliuear equ ations that
dara ranging Irum p loTt· slrt,trhi np,all<l.~llI'ilri ll~ wil.h II" lra nsl;,I;"ll C,,, pnn '
rotation with tr anslat.icn vulnr-ity, The OK mdhmluht,linl'd t lw ....rn" ·t lll , 1'
from t ill'S!' simulate-d Lraj,'rtOl'i e's. Till' SOlllli"ns hy Kirwan d "I" ( I ~JSS) un-
also cxaminr-d hy lIw sumo tosts hut KI'llPrall,v full to !-IiV<' tlu- COI'l1',·t 111\1'
r-xeeut for L111' .Iivcrgeuo-.
TIlt' rlus tor method of Okuho and 1 '~ lllwS ll t<')W (Hl;( ;), 010:, \\', IS Il s, ~ 1 1, ,,
nt1aly~(' artilicially gl'll" l'al l'tl l l'1lj l'l't uril's with I'U I"O' rotation a nd a nms l.' llll.
translation velocity, T his O E method filil"d wheuovr-r t it" l'l)siLi"l1 "r ti ll'
now fidel ningulerity was di lf,,1"t' Ill. from t ltat of Lln- d llstl'r l'l'l1t ll,id. Tl lis
so-ralb-d lJiasill,e; prubll'11l 111ls 11('('11 plIilllC'll lIut 1Iy Kirwan ( 1!II'iS), t\ 11" 1\' l iS
clus ter meth od hasbeen c\C'\,pJ0 pI ,d ill urdl'I' til uvt-rrunn- l ids p r" l,h· lt1, TIll'
HS metho d c~xpl i dlly solves fur !loth tlll ~ Ilusiti.,l1 illlli Vl'hwily "r l,ltl' llow
cent ro. The hillsillg prchlcm ill which tlu- 1>1, 1' oscillatc· ill ,,,...unlillll"l' with
th C'angular Irequoncy of t ltl' eddy , Ilil .~ [,1"-11sn,.,.,'Ssfnlly OV" f"OIl I" Ly tl l1' lIS
method. Nult~, hu wI' \' I'r, th at tIll' O E methodrun still I", llsdlll fur st ll, l yi ll~
the elongation ur dist urtiun (If 11pa1.l'h of drifters with I·('sl,,"·l til till' 1"'1.<"1 1
rentrold (Okubo ct.al, J!/7lij Ol\llim d fll., J!m:I).
ll:\
Bul h OK lind liS l1lt'l hod s an' clIVOlI. I(' of dewrmining the flow field pol-
rll.lIl<'l...·D uf liM' ~.·Ht ·rOl...'f'I .Iala. Some assnmptlous have been po:;•.-d to bo th
IIlt'l ll<Mls, l .•.. t il.· kiIL' ·IlUl.lir Imr lllll<'l.,'rs an ' r.oll ~la ll l or I'luwly d, a llgiug rel-
a l iv. ' t", t il" liulI ' illll 'n'll.] lll't w' '' ' 11 fix.'S, a well-..I.,lh",d !low Iid,l singular jt y
ililOl t ill' si lJ~lIlitrity d'II'll nut lln- ,.[e ra lt'. WI' ra n nam e a transl at ing ring as
nu " XHIIl IJI. , tha t may flill ill t he requi remvut, TI ll' OK m etho d has ti le ad-
V/lIl 1.IlA! ' or aJluwill~ UI\ I' to Ill' de termined Ircm neinglc trajectory. Dill we
,'1I1i1Itl Ill' S lIfl' that II SI'f'uml llf'ighhollrillg drif ter would giVl' th e sa ult' DK P.
T his 1l1l<1'rllli llly ar i.....'" ou t IIf ti lt' possib ility t ha t tilt· now field sa mpled by
;1 ,Irif...-r lIIay nut alway, .-ons isl o f unambiguo us isolat ed eing ulorit ics. The
li S IIIt·tI'IH.1ha.'l th. · Ilili<tdvll.lllilgc of req uirin g mo re dr ifter s. The HS method
:<1,, '111" 1.. break .10wlI in II "NY obvious fashion if all three tlri ft(' rs are no t
h"ill,!!; 1ll1l,",,'.1 hy ti ll' Si lll1l' flow f ..111 singularity _ T his m ight be considered
1'1 1 11 i tl~ 1I11iS!' ill a lmjt·.-tury ;dfert.s both th e 01< and liS methods. TIll'
II I' I II ·1'· u r,l,'r li lllt' tl. 'r ivnt iv, 'No f l rlljrc lori ('NlJliLke'tlw 0 1\ methcd scns itlve
til nots-. III t]1l' ( ~i ISI ' of thl' II:; rmubod only second orde r lime de r ivatives of
t lU' I.r;Ij"I·l llr.\' MI' IISI"1, However , UU~ liS met hod im plicit ly re lics on s pa t ia l
,I,·ri \'ill i\·,os of th,' l riljl'f·tu ril's I'S WI ·11. T hus the li S method can be ei tl 1l'r
124
more or h-ss sr-nsiti ve ttl 1l0iSI' t hnn till' 0 1"; IIw l11tll l j dl'l ll'lI d i l1 .~ nl,,' n t ln-
separation dis tance hctwr-eu Ilrifter s ,II'pln.\,I',1 ill t.llt' Ih,\\' 11'111'11 ;l1'1, 1.\ ·ill~ tin '
liS met hod. However, we ha ve to r-nsure Lh.,!, lin ' sl' l'a ra liutl 1... l\I·c~'n ,Iri fll' rs
tlOI'S 1I0t 11('('011)(' so grl'ill. th" l, <1 i lrc'n'n1. Ilfifll ']1;an ' rl'sp"lUl i n~ t.u dilrc,rt 'lI l
singular iti es . The lISC' of low-p1lss filter has t I,l' , lis'HlVill1l.a~I' o f til l" ri n~ u "l
uuy high rrl'IIIII" ll'Y vurluhillt y of ti lt' Did ' . I nITI 'i l-~ ill J?; tI)I'dis l.i1J1 I·I' 1,,' I'\\" 'c'lI
lirift e l"sto thr-order of tln- t>ldy might bl"'tlll ll' illlpr 'II·t.k ,,1Sill"" lilt' .~i1.l, "r
illl eddy IHIS all nn ll'r of sl'I'c'l"alkilonu-u-rs'.>1" gn 'i1I,c'l".
Some intl' I'l'sti np;n-sults arc obt.ililll', l 'Ily l1siu,ll; tlIl'SI ' Jlll,thud s of all ill ysi ll ~
til" dl'irtl't tr ajectorh-s cu till' Smtiilll SluM. t1sill.e; ti ll' 0 1"; ltH,t h" d, W I ' , 'an
ob tai n the D1";P for I'lidl tld ft('l'. We Hnd t lmt t ill' 111\1' <HI ' ill " filJl,l!,"
hct wI'clI ·5 X lO-~ s-1 to:J X lO-~ ,~- ]. It idsu sll" ws l hat l l n~ l ra jl,,'tuI',\' IlLtlVC 'S
ill il clockwisedirection which is ill ngrt'l.' llwnt wit h uhs orvuj.iou, 'I'hcdrifu-r
rotates Iaster aro und its Iiowo-ntn - wln-nit ~ds do~('r lo tlll' t ilt' llnw o-ntu-,
consistent wlth rull~( 'r \lll t i ull IJf pcu-ntial vortir-ity. Furtl n'r , I.l l<'ft , is it 1:.1 .r,
Ii periml or oselllution , t ill' SI'1I1i- rlillfllilltiol,', uhM'n'{~1 1 in Lln-swirl 1I,.lu,·ity
with it IW,\k of ,thont 0.5 1l1 / ~ , T Ill' lJusilillll uf Lht ~ tlow r-r.utn - 'If ("",1, r1l'in.t·1"
ilwl its I' O rrt-:;pulld i n~ t mll~ lalilm velocity had il do-uinunt 6. 1 11 pe r iodicity .
WI' ,I" llot hal/I' uu explunution for thofil':.t that rert .aintidal consrlt ueut will
OI l r. ~rl, n 'rt aill vr-lru-ityr-omponr-nta nd IIOt thl' ot he r componeru.
II. tu n is ,," l t hat t Ill' l lll"PI' tl r i ftl'rs <1..plu}'l~ 1 011 Lll' Sco tlnn S helf expe-
lil·II,'.,,1 ,lilrl·rl·ul. f1 uw field Sill!!; lllari til·s. Under t his ulrcumetanco, the lIS
Illl,th"d p;iw-:; w] ldly fluct uating D I(I'. Th e break down of ti ll' lIS m ethod i:<
"<l lISl'" hy lilt' llick or it \V('Il·dditwd flow fiehlsingu larit y \Vhidl is comm on
l"u all t JI)"('I' ,lriftl'l'll" To justify this argument, we do ano the r silll' d<ttioll in
, Irirkr 1riwk hy lIsin!; 1lw OI{ met hod. Upon analysing t h is simula t ed data,
11'(' fhnl lhit~ ti ll' no.sn ll s ohtain t'd from th e OK a n d HS m ethods re t urn t he
l'orn'd vulurs for till' ki lwllIntk pl'oJlI~ri i~ or the Row field. w(~ se,~ t hat t ill'
liS nn-l.lnu] ruu 1ll' IISI '" tu hh-nt.ify a now field siu gulati ty provided 1hat a ll
tln- dl"iflt'l, in Llu-dn~t ('r 11)"(' Tl's p ulitiing to only t ln-one si ugulnri t.y.
TIlt' S..utiilll SluM (la ta ,lIml}'s is lndicercs a domluant serui-diurual t ide
th at hus l ar~l' s pati a l sl'a lt-:;so t hat eac h tra ject ory has it s OW II Ilow (en t re
'11"[ all drifn-rs do not rt's jlond 1.0 it sing le wdl -ddinctl sing ularit y . We ca n
thin k u f !.ll' mo t.ion ,IS an usciJlilting slu-ct of fluid rather th a n rot a t.iou about
;1 vort ex . Ead l clrif1t'r , It'plo}",'d in thls type of now will m ove i ll an ellip t ic
11(1
trajectory that is displuo-d From oll ll'l' d ri rtc'l'S, This is snpplll'l" ,1 Ily 1I1\'
rt-'lIlroid velocity obtninodhy the DE ll U'tl 1Uc l l,t' i ll~ sl.rollp,! ,\,....n ',la l.c·'] lI'il,h
tile swirl ~' e1odty ~Ua i 1lO'111l~i llV; t.1ll'0 1\ ll11'thud. Thnt " xplilins wll.\""""I,
d rifte r Sl ' t' 111S to haw its own How ""lIl.1't'i ll this kind ur IlUIl',
1'l7
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APPEN DIX A
'1'1.., r..lluwill~ pn~ral1l s 11.' lIo11'..-!II)' 'ukl" and 'o k:.!' an' to Ill' uS!"(1Oil oh u, iu-
ill~ (I , 1., •. "r t ill" 0 1' lJlf'th u. 1 when III + fjl - r :f 0 (1'1<'(' ''(I llat iolls (:?..lS) ,
(1..1!) , (1 .:"1» . TIlt' I' ru,l!;ram.~ an- wri j.Ir-n ill MACS YMA,
,' - ukl -"-
y;((.I' d-:!' Il1:?) ' v l-v;I)! m:?; m:?j
k;·I*v l-y·l" ;
1'1':1"1 ' + '1" 1;
w h'{'(%.ru}:
hO:(jp .JlIll· m )/p JI:







r(JJ :ril l~im ll ( %) ;
rah imp(%);
~* ", * , I « ( hl + ru J)+y"'{ 1'-1" ll l * ,ll-'! .", I:
rll l ~i ll1 p(%);
X*(2 '",I'',J*(ilJ' II)+ I' ' {:J4 ,I+a 1» + y"( I, I. r" I )'( :!' ,1' .1+I' ).S· u1:
(' I: mh illl p(%);
x·( 11 [+ ro[ )*(1*,1"\ 1+r)+y "( ·1" d",j 4(,1+11IJ+1" (:1'11-11 1)I-X' vl :
1'1:r;lb illll '(%);
x · ( r ' r+ 'I ¥ r1 ~df ( ], . d " ' d ) +lfill " .I·n+4 ~ y "' d " {I Jl - rol ) " 1'- lfi"'lI:Jj
I'al :;illlp(%);
'" x ', I ~ I" (h i+1',,1l+yk(r "I '+ 'l ¥,l f , I "(r-d *, I )-'I ~ I I I ' d *1')-JIi*I':l j
l'a1. :;illll'('X') ;
:;I.un' ([lIilai,l1lIU", IJS1\ ,dirt-d ul'y]",1,hI.ro I ,(~ J,t'2,}',:<);
-' · uk:! - ' -
, 1.~k~'-;l. rl1 , ·$
JUill llil"(l1ih,i,lIllU',!lS I\ " l in' d,ury)j
d ll: ( Il I "\' :I- \' I " II: I)/(IlI"v~-vl " II ~) ;





(·v(d·Hi,d= tlO,m2= 1l120 )j
ra Lsimp( %);
t,,'(d·li .d= tllJ,IlI:l= m20);
ilk:mtsilll ll(%);
t' \'( . I'I~,d ={IO,1I12= I1l:W ) ;
hk:ra l:<il11 p(%);
{'\'(d49,d=111l ,11l2=1I120 );
t ~ k: rills i1l1p ( % ) ;
fl!litO;
.« , I · X t·t· II Li Il ~ ukl and uk:! prup;rill11S ill 11 I,,'ld l 1lI..,I.
llat rh"ukl";
hllkh "u k2" ;
I'xil ;
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APP EN DIX B
I i s i ll ~ til,' Euh-rinn point of Vi,'IV, both till' pun' sln-tehing lind sllt"arin/!;
willwlll t l'a nSlillill.ll;motion n IH I.!' dl 's,'rilll'l! ill te rms of t heir sl,n'il mlin ,'s
1,I,t h'IIlS,
F" r [>1 11"1 ' s1.n'1.,.J ,in ~, tIll ' Ilow li,'I,1e-an h.. wrlueu
II ' I




Slll.sl, itn l,ill~tlll'i1 I"I\'l· lI l1\\·litol,ls frulll "1!rh ras" into t hoeqnarion for stn-am-
lin,'s <ll lli illt.q!;ril tilll:;tll/!;i\'l·
f"r 1'111'" s 1. rl'1 , ·h i ll ~ HII,l slll'ill'inp;, l't'SI,,',·li \'(·ly. 'l'ln-skl'ld l r,'s ldlillg from thl,!;"
I't l'li lliults cnu I", drnwu as shown ill tlu- fo1Jowili/!; figU1"l ', Those sketrhes il\~'
in ; 1 .e: n ~ ·n "'11 1 will. li,ll; nl't' :l.1 ,111,1 1iP;1l1"l' a, li or sections :l.l aml :l . ~ 1ll'l1tio ll(',1
" ilrl i, 'r.
Fi gtl fl ' {i. l : T Ill" str l'a ml ir ..." fr om \I"n' "lrl·tdli llj1;n lSl' ( lIrJIM'r) ;l ll, l l l l" o;,' rnml
I'll"" sllt'ar inj.l [lo wer},
I:I!J
APPENDIX C
T Ill' follu will,e; prop;ralll wj-itf.r-n ill MATL AB llSt')'l11]('OK mothcd tc obtait.
1.11" kim'mat ic l'a n lllll'l ,'rs fnull a si n,e; l.. tlr ift l' r t mj t'dury.
% ok.tn - I'r"v;ralll f"r t:akula l in,l!; t llC ~ pnr a mctors
1= (:, 1); x= [,lrn(:,:!) .!rli(:,: I)]j
xf=fLl .(X)j xx=x f(: , I ); yy=xf(:,:!) j
dx= ,lf (xf,I 01,1); dxf=ft l( dx):::d xr{:, l ) j v=, lxr(:,~) j
,1:tx= dr{,lx f, IIl I , I) j ,1:!xf=fH( tl:tx )j 1I [= d~x f( : , I ) ; d = tI:M( :,:!);
,1:lx=df( ,I:lxf , IOI , I) j tl:lx £::fu(d:l x ); n:!=d:Jxr(:,I ) j \'2:: ,I:lx£(:,2);
,!.Ix:: ,lf (tl:lxf,101, I)j ,1'lxr= ftt(, I'l x) j u:J=d4 xf(:, I ) j v:l ::d'l :d (:,2)j
W:: ll l , ' \'2·u:t.' \'J j
;1= -(111 .' ,':I·:t' ll :l. " 1':!+ I1:1.'",.I ),/1.0; % .~tn 'td li Jlg deform. mtt '
1'=-( \' I .; v:!' ,·2,"'\·:lflll ." I1:I·u:!."ll:!)./ 1.O; % vorticity
,I= (u l . ·\":!·u:t·\" l)-/W;
XI'={ II I ."(,I.' d.2'm2)· 1I:1)./ (III:t.' Ill :!);
% d i Vt'rgt~l 1l't'
[·HI
yp=( (d. ~tl - 2 ~ l1\2).* v l-\,:Il.! (1l1:.!,' m:!):
1l1l=( .5"(a+,I).*x"l+(..1~ (IH~) . "yp l : % swirl \"t' 1, ,, 'i l~'
\'~=(.!)*(h+(') .*Xpl+(.."IT(II_,,}.*)"I); .... ~\\'i rl "I·I,"'ity
%plull ing
xl= ('l inw (1Iolll1l)'];yM=r x IO- ~ !'~ ' ] :)'h'= l' lIl/s' l;
xlp= ('posilillll j'ilSh\'illllllill"l'liu lI (m )'];
)·Ip=[' posiliull lIorlh''''illll tlirt"l·tion( llll' ];
aXtl=!O, !l!i. -.1, Ji);axv=IO, !1."'1, -nn, lUi];
llXP=I-:!.1O Ofl , ·HOllO, -."'1000, :IOHOfJ];
lIXill(IX,I);
plul{L,iI,'-',l,h,' -,',L,r,l,I I,';')
gll'Xl('- _ • • • • n')
HI
.r;tI' xL('•... . Io' }
.r;lo-xt('- _· .·')







I'I" t ( t ,lIl ,L,'-l .' • •' )
~1f'X l (' ·-lIT')






1'Iot (t ,lIs,l,vs,'. -')
~tcxt{'-\ls' )















%H.IH• pm~fll ill fur IOW'pilSS Iill l'ring t Ill' rlat lL
flllrd .iull lfj= ft (x);
xx=x (:. I); yy=x(: .:l); .(h,a)=ll1lLk r{IO,O.I );
xr=lillliIL(b,a,xx); yf=fiIUilt(b,'l,)'y);
r=[, r yrj;








d(ij )=( -x(i t:!,j )ts"x(it I j)-S"x( j. I ,j ltx( i -~ ,j ) )/( I:!' ,It )i
lor j = I: :!;
fer i =nlilJ l's. :~:n li ll ('S;




T Ill' ru llowilll!;~'Ii\TJ. i\ H prup;ralll i~ UI;Pr! fur t il(' liS met hod 011 ob tain ing
tilt' kincunrt ir- I' r" I"' rl i, '~ from a dIlN1f'r of :j (lrifl,' rs.
I"'u!'!r.li.,];tl
;ls""~(l'r()s (l ,s ); I,s""'!.l'rus ( l,s)Ws""'Wf(Js( l,s);ds=zrroN( I ,:;);
lI"""Z"1"us(l,s );\'s=z,'rus(! ,s) ;lO=zl'ros( l,s) ;
sl,=z( 'rus( I,.s);sh= '!.l'l"os ( I r~);\'or=1,,{'ro~( I ,s );div=zeros( I ,s );
Sllll1X=-Zl'l"US( I,s ); SlllllY=-Z,'l'Os(I,s); Slllllu=z('ro,,{I, s) ; s1l11lv= zrros(l,s);
,l l= !I(lO.;% I.'illliulll.,,· t inll'-illl, 'n ·1l1
l= II ( I:I: .s,I) ;
pi = [dr.1 (I: 1:s,1)'"1000. dr.l( 1:1: s ,;) )"lOOO . I ;%lml· l(l·l1 ll'l(~1" conversion
p1=[ llr .1 (1: I:s,1)"'1000. dr.1(1 : I:s,:J)*1000.];
1':1=[.lr_li( I: I:s,1)*1000. dr.li( I: I:s,:l)*IOOO.);
!'IIi
xl= ft(p I ) ; x :l =ft( I'::!); x :~= rt (I): I);% l i l l<'rillp;
{lxl=d f(x l,S,t1l};dx2=tlf(x::! ,s,llt );\lx:l=tl f(x;t,s,tlt.);
u l = fl(\lxl) ;u2: :n( dx2);Il:J=r l(dx :l);
d:.!x I= df(llI,s,dl );d2x2= <lr(112,s,dl);,12x:l= rlf(l1:t,S,t!l );
up l = ft(d2x 1};llp2= fl(112x2)jup:l=r l(d2x:J);
pON=( xl( :,I ) xl (:,2) x;:;(:, I ) x2(: ,2) x:I(:, I) x:l(:,2)];
vd = IIlI(:, I) nl( :,2) \12(:, 1) 112{ :,2) 11:1(:,1) lI:l(:,:.!));
arc =[ lIpl(: , I) IIpJ(:,2) up2(:, I) " 1'2(:,2) ltp:l{:,I ) 111':1(:,2)]:
for i=l :s
1ll1l = vd (i , : ) ;l na=aec ' ( i , : J ;11lX= P(l.~ (i,: ) ;
s1111lx(i)= mx{1,1}+mx (1,:J)+ llIx( I,rl ) j,~ l lrlly (i )=l llX( I,2)+ l1Ix( J.,I)+ IIIX( 1,4i):
Sll1ll11(i)=m ll(:,I)+ nm(:,:I}+lllll(:,fJ)jSIlIlW(il= 1l1l1{:,2)+m ll(:"II.-j ·rll1l( :,li);
llm=[olll's( l ::l)' r('sll1lpr{mll,2,:J) '];1l11l = [n'llllOqll'(1l1<1 ,2,:I)' I;
gl = 11 11 1''''Ull1jg2=i nv(g l };p; :i=g2~ ll l ll ';).!; 'I=~al 'U1 liK!i= \I I I I· /!,'l ;rc'll=a lll"/.\."i;
1l1phll(i}=g'1( 1,1} ; Ill'ti~( i) =g'l ( I,:.!);
lls(i)=g 'l(2, I ) j t :S (i)=K1(1,:.!) i b.~(i )=p;<I{:I , 1 lids(i)=K'l(:t,:l);
ki ( i }=(sllm ll( i )-;ls(i }"s Il1l1 x(i ) - l ls ( i ) ".~1 1lI1y (i } ) /a. ; 'x. :l -c lriflt 'l'S
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l, i ( i }= ( S ll ln v (i) ·c~ ( i ) "'s llll1 x (i ) -{l s (i ) " S lll1ly (i ) ) j:t ;
1.f) (i ) =I )s( i ) " l's ( i )·<Is (i ) ~ l ls ( i ) ;
111.(i)=:(.l s( i)*alllll<l(ij-hs{i)*Ilt'la (i)) /l.O(i) ;
vl.(i}=( ILS{i ) 'bt'1.a(i )· ,·s( i)i all, lm(i)) /W(i ):
xt(i) = (( vt.(i)-pi(i ))' hs( i}-(IIt( i )-ki( iJrds( i))/tJ I(i):
y l,(i )=(( U1. ( i)-ki(i))",·s(il-{ vt(i)-pi(i ))" ils(i ))/lO( i);
lls(i )='ls{i),t {IIIl\( I,:I )-x t{i))+ I,s(i)*( nlx ( I ,·I)-yt (i )):
vs(i )= n (i ) ~ ( 111X ( I,:\ I-x lii })+ Ils(i )*( II1X( 1,·1)-y l( i) );
s1.(i )= l lIOUW(ils(i )· tl.s( i});sh(i )= 1110UOt (l"s{i) + hs( i)};
\'lll'(i)= IUUIIO'( l"s( i)-hs{i));.l iv (i)= 1OOL1W (as(i )+ ds( i);
u .l=I 'drJ . Ilr _:!, tid ; - ImUI'r ( 10 ,1/1U)'];
xl= !'ti lll ., (h o urs )' ];y ld = ['1J1\1' x l lJ(-·J )Js'J;ylv=I'lII / s'J;
;lxd =I (1, !l.'i, -W, llI];;IXI'=[U, !I.'i, -fI./i, IH i];








1I:1<-:d (- · · · /I')
1\l!·xll __ · 1,'j
rI.
~ Xi~( l....:,I);
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,'riut
1,I"Lll " I!. l .\·I; ' )
1111o-(tl ll
1I" lft' l(d l
.\·I" IH·I(,·I\' )
.r,:1I·xIC__. l l"l")
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Lil l..( Il I)
x l~ I"·' ( .,,I )
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~1 ' ·X I (' _.__ IlS·)




plttl{xl(:. ll .xl! :.:!).·· ·)
III" t(x:!( :.I ).x:!( :.t l .· .' )
1l1" l (X:J{:. I) .x:I(:.t ).·· .·.XI.yt .·· ·)
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